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Cancer is a major health problem and a leading cause of death worldwide. As 
nanotechnology has made remarkable progress, nanoparticle-based cancer 
therapies have been extensively studied. Recently, photothermal cancer therapy has 
emerged as a new strategy for cancer treatment. Among the photothermal agents,
gold nanoparticles (AuNPs) have drawn much attention for their application in 
photothermal therapy because AuNPs exhibit the high light-to-heat conversion
efficiency upon near-infrared (NIR) laser irradiation. However, it remains
II
challenging to improve the tumor-targeting efficiency of AuNPs for the effective 
photothermal treatment. In this thesis, the application of tumor-tropic mesenchymal 
stem cells (MSCs) as a carrier for tumor-targeted delivery of AuNPs in 
photothermal therapy are presented.
First, pH-sensitive gold nanoparticles (PSAuNPs) were delivered to 
tumors by internalized in MSCs. Tumor-tropic MSCs can aggregate PSAuNPs in 
mildly acidic endosomes, target tumors, and be used for photothermal therapy. The 
aggregated PSAuNPs showed a higher cellular retention by preventing exocytosis 
compared to pH-insensitive, control AuNPs (cAuNPs), which is important for the 
cell-based delivery process. PSAuNP-laden MSCs (MSC-PSAuNPs) injected 
intravenously to tumor-bearing mice showed higher efficiency in tumor-targeting 
and heat generation compared to injections of cAuNPs after irradiation, which 
results in a significantly enhanced anti-cancer effect.
Second, hybrid sheets composed of AuNPs and graphene oxide (GO) 
were delivered to tumor tissues by attached to the MSC surface. There are 
limitations in loading nanoparticles within cells as the internalized nanoparticles 
cause cytotoxicity and leak out of the cells via exocytosis. Therefore, we 
introduced AuNP/GO sheets which stably adhere to the cell surface and exhibit 
remarkable photothermal effect. To form AuNP/GO sheets in which GO is 
sandwiched between two AuNP monolayers, AuNPs were coated with α-synuclein 
protein and subsequently adsorbed onto GO sheets. Attaching AuNP/GO sheets to 
tumor-tropic MSC surface enhanced the loading efficiency of AuNPs in MSCs by 
avoiding the cytotoxicity and exocytosis issues. Furthermore, the tight packing of 
AuNPs on micro-scaled GO sheets enhanced the photothermal effect via strong 
plasmon coupling between AuNPs. The injection of AuNP/GO sheet-attached 
MSCs into tumor-bearing mice significantly improved the photothermal 
III
therapeutic efficacy by delivering larger amounts of AuNPs to the tumor and 
generating higher heat at tumor region compared to injection of AuNP-internalized 
MSCs. 
The cellular Trojan horse strategy may be an effective platform for 
delivering anti-cancer agents to tumors. Furthermore, therapeutic effect can be 
maximized through the interaction between materials and cells. This material- and 
cell-based anti-cancer therapy may be used in the future for successful cancer 
treatments. 
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Chapter 1.
Research background and objectives
２
1.1. Photothermal cancer therapy
Plasmonic photothermal therapy is a spatiotemporally controllable heat shock 
strategy for cancer treatment.1 The localized heat is generated by photothermal 
agents, such as gold nanoparticles (AuNPs), reduced graphene oxide, and carbon 
nanotube, that can convert light to heat.2 Among various light sources, near-
infrared (NIR) light is generally used as an energy source due to its tissue 
penetrating capability. NIR light can reach deep tissues because hemoglobin and 
water minimally absorb the light at NIR wavelengths.3 In photothermal treatment, 
tumor tissues are exposed to hyperthermia and undergo irreversible cell-damage 
depending on the magnitude of the temperature and the exposure time (Figure 1.1). 
Conventional hyperthermia (43 – 48 °C) treatment increases the rate of 
biochemical reactions, which induces the generation of reactive oxygen species. 
This oxidative stress gradually leads to the destruction of plasma membranes, 
proteins, and nucleic acid.2,4 For direct cell necrosis, long-term exposures (> 60 
min) to temperatures in this range are required.2,5 On the other hand, temperatures 
above 48 °C instantaneously cause irreversible protein coagulation and DNA 
damage that lead to cell death even for short exposure times (4 – 6 min).2
The photothermal ablation approach has several advantages over 
chemotherapy and surgical resection, such as spatiotemporal controllability, 
minimal invasiveness, and independence of tumor type.6 The localized irradiation 
of NIR laser at low intensity facilitates high heat generation in the tumor region 
with minimal damage in the surrounding normal tissues.7 In addition, all cancerous 
cells including radioresistant and chemoresistant cells can be treated with 
photothermal therapy.6,8
３
Figure 1.1. Schematic diagram presenting the effects of various thermal treatment as 
classified by temperature ranges on cells2
４
1.2. Gold nanoparticles as a photothermal agent
The therapeutic efficacy of photothermal therapy depends on the light-to-heat 
conversion capability of photothermal agents. AuNPs have been extensively 
studied as photothermal agents for cancer therapy due to their superior 
photophysical properties.9-12 Gold nanostructures efficiently generate heat by 
absorbing the extrinsic light energy at the plasmonic resonant wavelength. More 
specifically, when electromagnetic radiation of an appropriate wavelength is 
irradiated to AuNPs, the electrons on AuNP surface are collectively oscillated and 
cause a surface plasmon resonance (SPR) (Figure 1.2).13-15 In this phenomenon, 
there are two types of interactions: scattering and absorption. Some of the
incoming light is scattered in all directions at the same wavelength. The absorbed 
energy is released by the emission of phonons, which typically generates heat.2,13
The AuNPs strongly absorb light energy at plasmonic resonant wavelength and 
effectively generate heat via light-to-heat conversion.
The photothermal properties of gold nanostructures depend on their shape 
and size.16-17 The SPR frequency of spherical AuNPs broadens and shifts into the 
NIR window when the diameter of AuNPs increases.17-18 Furthermore, assembling 
or clustering of spherical AuNPs red-shifts the absorption spectrum via plasmon 
coupling between adjacent AuNPs.11 Meanwhile, the absorption spectrum of gold 
nanorods varies with the aspect ratio. When the aspect ratio of gold nanorods is 
increased, the SPR wavelength is significantly red-shifted.17 The optical resonance 
of gold nanoshells, which consist of a silica core nanoparticle and a thin outer layer 
of gold nanoparticles, varies with the ratio of the thickness of gold layer to the 
diameter of silica core. When this ratio is decreased, the absorption spectrum is 
shifted into NIR region.17
５
Figure 1.2. Surface plasmon resonance (SPR) effect of AuNPs, resulted from the 
collective oscillation of delocalized electron upon laser irradiation13
６
1.3. Nanoparticle delivery to tumors
Photothermal therapeutic efficacy depends on the tumor-targeting efficiency of 
photothermal agents as well as the photothermal property upon NIR laser 
irradiation. The systemically administered nanoparticles are severely accumulated 
in the reticuloendothelial (spleen and liver) and renal (kidney) systems. The 
phagocytic cells in reticuloendothelial system actively take up the nanoparticles.19-
20 The renal system, meanwhile, excretes nanoparticles smaller than the kidney 
filtration threshold (5.5 nm).19-21 The nanoparticles that deviate from those
biological barriers have the opportunity to reach the tumor tissues and can be 
delivered into tumors via passive and active targeting mechanisms.22
In passive targeting, nanoparticles cross the tumor vascular barrier
through intercellular gaps and remain in the tumor region due to interstitial 
pressure generated by poor lymphatic drainage. This process is termed enhanced 
permeability and retention (EPR) effect (Figure 1.3). The tumor vessels show 
abnormal hyperpermeability, which is attributed to their incomplete structure such 
as a monolayer of endothelial cells without pericyte coverage and disrupted
basement membranes.23-26 Furthermore, the endothelial cells of the tumor 
vasculature less tightly adhere to each other and form intercellular gaps of 100 nm
– 2 µm.27-28 Therefore, nanoparticles smaller than the size of these gaps are
extravasated and passively transported into the tumor microenvironment. 
In active targeting, the surface of nanoparticle is functionalized with 
targeting moieties that complementarily interact with the target sites such as 
peritumoral blood vessels, tumor cells, and tumor microenvironment.22,29-34 The 
specific targeting is regarded as a promising strategy for improving tumor-targeting 
effect of anti-cancer agents. Some previous studies, however, demonstrated that the
７
targeting ligands have no effect on tumor localization of nanoparticles, but enhance 
their internalization into target cells via receptor-mediated endocytosis.35-36
A previous study has surveyed the papers regarding tumor-targeted 
delivery of nanoparticles from the past 10 years, statistically revealing that only 
0.7 % of the injected nanoparticle dose (ID) is delivered into solid tumors.22
Specifically, delivery efficiencies of passive and active targeting strategies are 0.6 
and 0.9 %ID, respectively. The extremely low tumor-targeting efficiency of 
intravenously administered gold nanostructures in tumor-bearing animals still 
remains a challenge.
1.3. Characteristics of tumor tissue and vasculatures that affect tumor-targeting effect 
of nanoparticles24
８
1.4. Tumor-tropism of mesenchymal stem cells
Tumor-tropic cell-mediated nanoparticle delivery has been investigated to improve 
the tumor-targeting efficiency of anti-cancer nanostructures. Tumor-tropic cells
including macrophages,37-39 neural stem cells (NSCs),40 and mesenchymal stem 
cells (MSCs)41 actively migrate into tumor regions via a paracrine signaling loop 
between tumor tissues and tumor-tropic cells. The tumor tropism of those cells 
involves interactions between the chemokines released from tumor tissues and the 
chemokine receptors expressed on the surfaces of tumor-tropic cells. Tumor-
secreted factors enhance the expression of CXC and CC receptors in a positive-
feedback manner and activate growth factor receptors or toll-like receptors of 
cells.42-46 The tumor-tropic cells then become more sensitized to chemoattractants, 
including CCL2,42 CXCL8,43 RANTES (CCL5),44 platelet-derived growth factor 
(PDGF)-bb,45 insulin-like growth factor (IGF)-1,44 and vascular endothelial growth 
factor (VEGF)46, which are released from tumor tissues.
Macrophages loaded with gold nanoshells migrated within glioma 
spheroids in vitro and generated heat upon laser irradiation.37-38 Tumor-tropic 
properties of macrophages were demonstrated in a brain tumor-bearing mouse 
model.39 Gold nanoshell-laden macrophages migrated into brain tumors by 
traversing the blood-brain barrier.39 Intratumoral injection of gold nanorod-loaded 
NSCs improved the intratumoral distribution of the nanorods and consequently 
enhanced the photothermal therapeutic efficacy.40 The tumor-tropic properties of 
MSCs that incorporated mesoporous silica nanoparticles were demonstrated via in 
vivo multimodal imaging.41 Among aforementioned tumor-tropic cells, MSCs have 
several distinct features. MSCs preferentially migrate to tumor regions regardless
of the tumor type.47-49 Furthermore, MSCs can be easily isolated from the patients 
９
and extensively expanded in vitro.50 MSCs also exhibit minimal immunogenicity 
and even immunosuppressive property upon transplantation.50-51 Therefore, 
nanoparticle-laden MSCs can serve as a stealth vehicle to deliver nanoparticles to 




When nanoparticles are incubated with cells, the particles first meet the plasma 
membrane of cells and are internalized into cells via endocytosis process (Figure 
1.4).52-53 Some of the endocytosed nanoparticles escape from cells via exocytosis 
process (Figure 1.4).53 Cellular responses to nanoscale-materials depend on both 
physicochemical properties of materials and cell types.53-57 The size and shape of 
nanostructures have effect on the efficiency of endocytosis and exocytosis. 
Furthermore, the materials rarely taken up by nonphagocytic cells can be 
internalized into phagocytic cells. The cell-nanoparticle interactions depending on 
material properties and cell types are discussed in the following.
Figure 1.4. Schematic illustration of endocytosis and exocytosis of nanoparticles.53
MVBs mean multivesicular bodies.
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1.5.1. Nanoparticle endocytosis
Cells actively transport signaling molecules into cells via endocytosis process to 
communicate with biological environments. This endocytosis process is an energy-
using process and typically classified into receptor-mediated endocytosis, 
phagocytosis, and macropinocytosis.52-53,58 The receptor-mediated endocytosis is
subdivided into clathrin- and caveolae-mediated endocytosis, in which clathrin and 
caveolae are a cytosolic protein and a type of lipid raft containing caveloin protein,
respectively.59 The receptor-mediated endocytosis pathways are important for the 
internalization of nanoparticles into cells.53 When the nanoparticles are exposed to 
biological fluid including serum-containing medium and plasma, the proteins are 
adsorbed to the surface of nanoparticles and interact with the membrane 
receptors.53 The receptor-ligand complexes are then incorporated into intracellular 
transport vesicles. The phagocytosis is an actin-dependent pathway and restricted 
to phagocytic cells such as macrophages, dendritic cells, and neutrophils.60 These
phagocytic cells take up materials larger than 0.5 µm in size via phagocytosis. The 
macropinocytosis is a non-specific process, by which cells internalize both 
biological fluids and particles into the cells.61
Previous studies demonstrated that endocytosis efficiency of nanoparticles
highly depends on their physicochemical properties such as size and shape. For 
spherical AuNPs, the 50 nm nanoparticles entered cells more efficiently than 
AuNPs with diameters of 14 nm and 74 nm via the receptor-mediated endocytosis 
pathway.54 The rod-shaped AuNPs, meanwhile, were more dependent on the width 
of the nanoparticles than the length.55 Interestingly, the rod-shaped AuNPs 
exhibited lower uptake efficiency compared to the counterpart spherical AuNPs. 
For example, the cells internalized 5.0- and 3.7-fold larger amount of 74 nm and 14 
１２
nm spherical AuNPs than 74 × 14 nm rod-shaped AuNPs, respectively.54
Graphene oxide (GO), a two-dimensional nanosheet, shows unique cell-
nanoparticle interactions depending upon their lateral dimensions.57,62
Whereas nano-sized GO (20 – 500 nm) was internalized into cells,57 the 
micro-scaled GO flakes (1 – 6 µm) were rarely incorporated into cells, but 
rather anchored on the cell surface.62
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1.5.2. Nanoparticle exocytosis
Endocytosed nanoparticles can escape from cells via exocytosis process. There are 
three types of exocytosis pathway: lysosome secretion, vesicle-related secretion, 
and non-vesicle-related secretion.63 A previous study showed a series of exocytosis 
process of transferrin-coated AuNPs using transmission electron microscopy 
(TEM).55 The transferrin-coated AuNPs were internalized into cells via receptor-
mediated endocytosis and then localized in lysosomes and late endosomes before
exocytosis.55 The vesicles containing nanoparticles moved toward the cell 
membrane, eventually docked, and released the contents by fusing with the plasma 
membrane.55
The exocytosis is dependent on the size of nanoparticles. The amount and 
rate of nanoparticle exocytosis appear to increase as nanoparticle size 
decreases.53,55,64-66 For example, the amount of exocytosed superparamagnetic iron 
oxide nanoparticles (SPIONs) with a diameter of 15 nm were significantly larger 
than that 30 nm SPIONs at same concentration.64 Furthermore, the exocytosis rate 
of 14 nm AuNPs were 2- and 5-fold faster than that of 74 nm and 100 nm AuNPs, 
respectively.55 Both endocytosis and exocytosis of nanoparticles highly depend on 
the size of nanoparticles, but their tendencies are different. In addition to size, 
nanoparticle shape also affect the exocytosis process. The fraction of gold nanorods 
released from HeLa and SNB 19 cell line was much higher compared to that of 
spherical AuNPs.55 However, in STO cell condition, there was no difference in the 
fraction of nanoparticle exocytosis for both rod-shaped and spherical AuNPs.55
These results indicated that the exocytosis pathway also depends upon the cell 
types. 
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1.6. Research objectives of the thesis
Photothermal cancer therapy has emerged as a new cancer treatment strategy. As 
effective photothermal agents, AuNPs have attracted much attention because 
AuNPs effectively generate heat upon NIR irradiation. However, the tumor-
targeting efficiency of intravenously administered AuNPs needs to be improved for 
the effective photothermal treatment. 
In this thesis, we proposed the application of tumor-tropic MSCs as a 
carrier for tumor-targeted delivery of AuNPs in photothermal therapy. The research 
objectives of this thesis are summarized as follows: 1) Applying MSCs as a carrier
for tumor-targeted delivery of AuNPs. 2) Functionalizing AuNPs to simultaneously 
enhance cell loading efficiency and photothermal conversion capability. 3) 
Ultimately, improving efficacy of photothermal cancer therapy.
In chapter 3, the photothermal therapeutic effect of MSCs internalizing 
pH-sensitive gold nanoparticles (PSAuNPs) was reported. We investigated whether 
PSAuNPs could improve the cellular retention of AuNPs by preventing exocytosis 
process through aggregates formation in mildly acidic endosomes. Furthermore, 
the tumor-targeting effect of PSAuNP-laden MSCs was examined after 
intravenously injecting these cells to tumor-bearing mice. The photothermal 
therapeutic effect of intravenously administered PSAuNP-laden MSCs also 
evaluated for 21 days.
In chapter 4, we reported the plasmonic photothermal therapy using MSCs 
attaching AuNP/GO hybrid sheets on the surface (MSC-AuNP/GO sheets). The 
adhering properties of AuNP/GO sheets on the cell surface were assessed. The 
photothermal capability and AuNP-loading efficiency in cells of MSC-AuNP/GO 
sheets system were also evaluated. We investigated whether the injection of 
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AuNP/GO sheet-attached MSCs into tumor-bearing mice could improve the 
photothermal therapeutic efficacy by delivering larger amounts of AuNPs to the 







Human mesenchymal stem cells (hMSCs) and human fibrosarcoma cell line (HT-
1080) were purchased from Lonza (USA) and American Type Culture Collection 
(ATCC, USA), respectively. MSCs and HT-1080 cells were cultured in Dulbecco’s 
Modified Eagle’s Medium (Gibco BRL, USA) supplemented with 10 % (v/v) fetal 
bovine serum (Gibco BRL) and 1 % (v/v) penicillin/streptomycin (Gibco BRL). 
The cells were incubated at 37 °C with 5 % CO2 saturation. The medium was 
changed every 2 days. MSCs at passage 6 were used for this study.
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2.2. Preparation and characterization of materials
2.2.1. Synthesis of pH-insensitive, control AuNPs (cAuNPs) and 
pH-sensitive AuNPs (PSAuNPs)
To synthesize the pH-insensitive, control AuNPs (cAuNPs), 5 mL of a 60 nM 10 
nm-sized citrate AuNP solution was adjusted to pH 10.5 using a 1 M NaOH 
aqueous solution (Sigma Aldrich, USA), and 100 mM 11-mercaptoundecanoic acid 
(MUA) solution (300 µL, 30 μmol, Sigma Aldrich) in methanol was added. The 
mixture was stirred at room temperature for 19 h and centrifuged at 1400 g for 5 
min to remove the excess solid MUA. The reaction solution was dialyzed using 
Amicon ultracentrifugal filters (100 kDa Mw cutoff) for purification. To prepare 
the pH-sensitive AuNPs (PSAuNPs), 4-(2-(6,8-dimercaptooctanamido) 
ethylamino)-3-methyl-4-oxobut-2-enoic acid (pH-sensitive ligand) was synthesized 
as previously described.11 (±)-α-Lipoic acid (2.00 g, 9.70 mmol, Sigma Aldrich) 
was dissolved in 12 mL anhydrous chloroform. Then, 1,1-carbonyldiimidazole 
(2.00 g, 12.3 mmol, Sigma Aldrich) was added to the lipoic acid solution and 
stirred for 5 min at room temperature. The resultant solution was added into 
ethylenediamine (3.5 mL, 48.4 mmol) and stirred for 40 min in ice bath and for 
another 30 min at room temperature. The crude product was washed three times 
with 10 %(w/v) NaCl aqueous solution and once with water. It was dried with 
sodium sulfate and the solvent was removed using a rotary evaporator to obtain N-
(2-aminoethyl)-5-(1,2-dithiolan-3-yl)pentanamide. Citraconic anhydride (0. 68 mL, 
7.5 mmol) was added dropwise into 15 mL anhydrous chloroform solution of N-(2-
aminoethyl)-5-(1,2-dithiolan-3-yl)pentanamide (5.0 mmol). The solution was 
stirred overnight at room temperature. The precipitate was filtered and washed with 
anhydrous chloroform. The synthesized product (0.26 g, 0.72 mmol) was dissolved 
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in 5 mL water and the pH was adjusted to 10 using 2 M NaOH aqueous solution. 
Equal molar amount of sodium borohydride was added to the solution and stirred at 
room temperature for 30 min. Then, the pH-sensitive ligands were eventually 
obtained and directly used for surface exchange of the 10 nm-sized, citrate-capped 
AuNPs that were synthesized via the conventional Turkevich method.67 After 10 h, 
the reaction solution was dialyzed using the Amicon ultracentrifugal filters (100 
kDa Mw cutoff) three times for purification.
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2.2.2. Characterization of cAuNPs and PSAuNPs
The UV-visible absorption spectra were obtained using an Agilent 8453 UV-visible 
spectrophotometer (Agilent Technologies). Transmission electron microscopy 
(TEM) images were obtained using a JEM-2100 (JEOL Ltd.). Surface charges and 
hydrodynamic sizes were measured using a Zetasizer Nano Z and a Zetasizer Nano 
S (Malvern Instruments Ltd.), respectively.
２１
2.2.3. Preparation of α-synuclein
Wild-type human α-synuclein protein was prepared according to the procedure 
reported in a previous study.68 Alpha-synuclein gene cloned in pRK172 vector was 
transformed into Escherichia coli BL21 (DE3) for α-synuclein overexpression. The 
boiled cell lysate was subjected to successive purifications using DEAE-Sephacel 
anion-exchange and Sephacryl S-200 size-exclusion. The purified α-synuclein was 
dialyzed against a total of 5 L of fresh 20 mM MES at pH 6.5 with two changes, 
and stored in aliquots at a concentration of 70 µM at − 80 ºC.
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2.2.4. Preparation of AuNP/GO hybrid sheets
Sodium citrate tribasic dihydrate (≥ 99 %), gold (III) chloride trihydrate 
(HAuCl4∙3H2O, ≥ 99.9 %) and graphite (< 20 µm) were purchased from Sigma 
Aldrich and used without further purification. First, the citrate-capped AuNPs were 
synthesized according to the method developed by Bastús et al.69 Seed AuNPs were 
prepared by boiling 150 mL of 2.2 mM sodium citrate under a condenser. Soon 
after, 1 mL of 25 mM HAuCl4 was added into the boiling solution with continuous 
stirring. After 10 min, the seed solution was cooled down to 90 ºC. To obtain larger 
AuNPs, 1 mL of 25 mM HAuCl4 was injected into the seed solution. The reaction 
was terminated after 30 min. This process was repeated twice. The sample was 
then diluted by adding 53 mL of deionized water and 2 mL of 60 mM sodium 
citrate to 55 mL of the sample. This solution was then used as a seed solution, and 
the process was repeated. The AuNP size was controlled by the number of repeats. 
Next, GO flakes were synthesized using Hummers’ method.70 The prepared GO 
was suspended in water (0.05 wt %) and exfoliated using ultrasonication for 3 h. 
For purification, the solution was dialyzed for 6 h to remove residual acids and 
salts. Then, the obtained solution was centrifuged at 3000 rpm for 20 min to 
remove any unexfoliated GO. 
The α-synuclein-coated AuNP30nm was prepared by incubating the mixture 
of 70 µM α-synuclein solution and 0.2 mg/mL AuNP30nm colloidal solution at a 
volume ratio of 1 : 8 for 12 h at 4 ºC. The α-synuclein-coated AuNP20nm was 
synthesized by reacting a mixture of 70 µM α-synuclein solution and 0.05 mg/mL 
AuNP20nm colloidal solution at a volume ratio of 1 : 6 for 12 h at 4 ºC. Unbound α-
synuclein molecules were subsequently removed by successive centrifugation and 
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resuspension with fresh buffer solution. Prepared α-synuclein-coated AuNPs were 
stored as pellets at 4 ºC.
２４
2.2.5. Characterization of AuNP/GO hybrid sheets
Hydrodynamic diameters of α-synuclein-coated AuNPs were assessed using a 
dynamic light scattering (DLS) spectrophotometer (Zetasizer Nano ZS90, Malvern 
Instruments Ltd., UK) with a 10 mW He-Ne laser emitting light at a wavelength of 
633 nm and a detection angle of 90 º. For AuNP/GO hybrid sheet, α-synuclein-
coated AuNP30nm (0.15 mg) suspended in 50 mM citrate (pH 4.5) was reacted with 
1.75 µg of GO for 2 h at 40 ºC. Short bath sonication was applied before the 
adsorption to fabricate the homogeneous complex. After the first adsorption, 0.03 
mg of α-synuclein-coated AuNP20nm was added to the solution and another bath 
sonication was performed. The mixture was then incubated for 2 h at 40 ºC and the 
unreacted AuNPs were removed by centrifugation followed by resuspension with 
distilled water (DW). An identical procedure was applied to fabricate composites 
consisting of different protein-coated AuNPs and GO sheets. -Casein,β-
lactoglobulin, bovine serum albumin (BSA) and elastin were purchased from 
Sigma Aldrich. 
AuNP/GO sheets were characterized by SEM, TEM, atomic force 
microscope (AFM), Raman spectroscopy, and UV-visible spectrophotometry. The 
AuNP/GO sheets on the copper grid were examined with FE-SEM (SUPRA 55VP, 
Carl Zeiss, Germany) at 2.0 kV after coating the air-dried samples with a 2-nm-
thick layer of platinum (BAL-TEC/SCD 005 sputter coater, Switzerland). The top-
viewed TEM image was obtained by examining the AuNP/GO sheets on a carbon-
coated 200-mesh copper grid (Ted Pella Inc. CA) with TEM (JEM 1010, JEOL, 
Japan). The side-viewed TEM image was investigated after sectioning the 
AuNP/GO sheets embedded in Spurr’s resin. The surface morphology and height 
profile of the sample on poly-L-lysine treated mica surface was examined using an 
２５
Innova AFM (Veeco, Plainview, USA). Raman spectra of GO and AuNP/GO sheet 
on glass surface were measured with Raman spectroscopy (LabRam 300, HORIBA 
Jobin Yvon, USA). Absorption spectra were obtained by measuring the optical 
density of a 10-fold diluted solution of the samples using the wavescan mode of 
UV-visible spectrophotometer (Ultrospec 2100 pro, Amersham Biosciences, 
Uppsala, Sweden). 
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2.3. In vitro assays
2.3.1. TEM analysis
To investigate intracellular distributions of cAuNPs and PSAuNPs as well as
adhesion of AuNP/GO sheets on the MSC surface, TEM analysis was performed. 
The MSCs were cultured on a 150 mm dish (1 x 106 cells/well) and incubated with
cAuNPs (100 μg/mL), PSAuNPs (100 μg/mL), AuNPs (50 μg/mL), or AuNP/GO 
sheets (50 μg AuNP/mL) for 24 h. The cells were then fixed using Karnovsky’s 
fixative for 4 h at 4 °C and rinsed three times with cold 0.05 M cacodylate buffer. 
The cells were fixed with 1% osmium tetraoxide for 2 h at 4 °C and washed twice 
with cold DW. The samples were treated with 0.5 % uranyl acetate overnight at 
4 °C, dehydrated using graded concentrations of ethanol (30, 50, 70, 80, 90, 95, 
and 100 %), rinsed with propylene oxide, and finally embedded in Spurr’s resin, 
which were then polymerized at 70 °C for 24 h. Thin sections with thicknesses of 
100 nm were obtained using an ultramicrotome (Leica), collected on 200-mesh 
copper grids, and observed using a TEM (JEM-1010, JEOL Ltd.).
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2.3.2. Analyses of adhesion stability of AuNP/GO sheets
We investigated whether the fluid shear stress could affect the adhesion of 
AuNP/GO sheets on MSC surface. MSCs were labeled with PKH67 (Sigma 
Aldrich) according to the manufacturer's instructions. The labeled MSCs were 
cultured on 150 mm dishes and treated with AuNP/GO sheets (50 μg AuNP/mL) 
for 24 h. The cells were detached via 10 mM ethylenediaminetetraacetic acid
(EDTA) treatment, and then resuspended in serum-free media. The cell suspension 
was then exposed to shear stress (30 dyn/cm2) for 3 min via a speed-controllable 
peristaltic pump (Masterflex L/S Tubing Pump, Cole-Parmer, USA). These cells 
were then subjected to immunocytochemical staining with antibodies against α-
synuclein (Santa Cruz Biotechnology, USA). The immunoreactivity was visualized 
using rhodamine-conjugated secondary antibodies (Jackson Immuno Research 
Laboratories Inc., USA). The samples were counterstained with 4',6-diamidino-2-
phenylindole (DAPI; Vector Lbt., USA) and imaged using a fluorescence 
microscope (IX71 inverted microscope, Olympus). For SEM analysis, the MSC-
AuNP/GO sheets exposed to the shear stress were fixed overnight using 2.5 % 
glutaraldehyde at 4 °C. After rinsing in phosphate buffer, the samples were 
dehydrated using graded concentrations of ethanol and gold sputtered at 30 mA for 
200 min under an argon atmosphere. SEM images were obtained with a JSM-
6701F (JEOL, Japan).
２８
2.3.3. Quantification of gold amount using ICP-MS
MSCs were treated with materials (cAuNPs, PSAuNPs, AuNPs, or AuNP/GO 
sheets) for 24 h and rinsed with phosphate buffered saline (PBS) three times to 
remove unloaded particles. The samples were collected via EDTA treatment and 
lysed with aqua regia. Then, the gold amount was determined via inductively 
coupled plasma-mass spectrometry (ICP-MS; Thermo Electron Co.). 
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2.3.4. AuNP removal analysis
MSCs were treated with materials (100 μg/mL cAuNPs, 100 μg/mL PSAuNPs, 50 
μg/mL AuNPs, or 50 μg AuNP/mL AuNP/GO sheets) for 24 h, rinsed thrice with 
PBS, and cultured in fresh medium. The cells were washed and collected at various 
time points (0, 0.5, 1.0, 1.5, 2.5, 4.5, 8, 24, 48, and 72 h). The amount of gold 
loaded to the MSCs was determined via ICP-MS. The fraction of AuNPs removed 
from the AuNP-MSC complexes (Frem) was calculated using the equation Frem = (N0 
- Nt) / N0, where N0 is the amount of gold in the cells at t = 0, and Nt is the gold 
amount remaining in the cells at each time point.55
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2.3.5. In vitro laser irradiation and photothermal imaging
To evaluate the in vitro photothermal effect of the MSC-cAuNPs and MSC-
PSAuNPs, the MSCs were cultured on 6-well plates (1 x 105 cells/well) and 
incubated with cAuNP 90 μg/mL, PSAuNP 30 μg/mL, or PSAuNP 90 μg/mL for 
24 h. After rinsing three times with PBS, MSC-cAuNPs or MSC-PSAuNPs were 
collected via trypsinization and suspended in 20 μL DW. The samples (1 x 105
cells in 20 μL DW) loaded in 200 μL microcentrifuge tubes were then irradiated 
using a 660 nm cw laser beam for 100 sec at a power density of 0.5 W/cm2. The 
temperature variations and photothermal images of the AuNP-laden MSCs during 
laser irradiation were recorded every 20 sec using an infrared thermal imaging 
system (FLIR i2, FLIR Systems Inc.).
To examine the photothermal effect MSC-AuNPs and MSC-AuNP/GO 
sheets, the cells were treated with AuNPs or Au/GO sheets for 24 h. After washing 
thrice with PBS, the MSC-AuNPs or MSC-Au/GO sheets were collected and 
suspended in 100 μL DW. The samples (5.0 × 104 cells in 100 μL DW) were 
loaded in 1.5 μL microcentrifuge tubes, and irradiated using an 808 nm cw laser 
beam for 5 min at a power density of 1.0 W/cm2. The temperature variations and 
photothermal images during laser irradiation were recorded every 1 min using an 
infrared thermal imaging system (FLIR i2).
３１
2.3.6. Intracellular loading of PSAuNPs and in vitro photothermal 
effect via multiple treatments of MSCs with PSAuNPs
After the MSCs were treated either with PSAuNP 50 μg/mL three times or a single 
treatment of PSAuNP 150 μg/mL, the intracellular loading of the PSAuNPs was 
examined using TEM, as previously described. To quantify the amount of AuNPs
loaded into the MSCs, the MSCs were incubated with a single treatment of 30, 50, 
or 150 μg/mL PSAuNPs, or with three consecutive treatments of 10 or 50 μg/mL 
PSAuNPs. The intracellular AuNP amount was then quantified via ICP-MS. To 
evaluate the in vitro photothermal effect, the MSCs were incubated with a single 
treatment of 50 μg/mL PSAuNPs or with three consecutive treatments of 50 μg/mL 
PSAuNPs. After rinsing three times with PBS, the MSC-PSAuNPs were collected 
via trypsinization and irradiated using a 660 nm laser for 100 sec. The temperature 
and photothermal images of the MSC-PSAuNPs were recorded every 20 sec using 
an infrared thermal imaging system.
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2.3.7. Cytotoxicity analyses
2.3.7.1. Cytotoxicity analyses of PSAuNPs
Cell viability was evaluated using a cell counting kit-8 (CCK-8; Dojindo Molecular 
Technologies, Inc.). The CCK-8 assay measures the amount of formazan dye that 
is reduced by the intracellular dehydrogenase activities.71 The number of living 
cells is proportional to the amount of the formazan dye. Briefly, the MSCs (1 x 104
cells/well) were cultured on 24-well plates with various concentrations of 
PSAuNPs for 24 h and rinsed with PBS three times. After replenishing the wells 
with fresh medium, CCK-8 solution was added into each well and incubated for 2 h. 
Then, the absorbance was measured at 450 nm using a plate reader. The cell 
viability was calculated as the percentage of viable cells relative to the AuNP-
untreated cells (n = 5 per group). 
To evaluate apoptotic and proliferation cctivities of the MSCs. The MSCs 
were cultured on 6 well-plates (1 x 105 cells/well) for 1 day and treated with
various concentrations of PSAuNPs three times for 2 days incubation for each. The 
live and dead cells were detected using fluorescein diacetate (FDA, 5 mg/mL) and 
ethidium bromide (EB, 10 mg/mL), respectively. The MSCs treated with the 
PSAuNPs at various concentrations three times were incubated in FDA/EB 
solution for 5 min at 37 °C and rinsed with PBS. The stained cells were examined 
using a fluorescence microscope. The apoptotic and proliferation activities of the 
cells treated with the PSAuNPs at various concentrations were evaluated via
western blot analysis. The western blot analysis was performed to determine the 
protein expression of proliferation (proliferating cell nuclear antigen; PCNA) and 
pro-apoptotic (caspase-3) markers. The samples were centrifuged at 4 °C (15,000 g, 
10 min) and resuspended in a cold lysis buffer (50 mM Tris-HCl, pH 8.0, 150 mM 
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NaCl, 1 % Nonidet P-40) containing a protease inhibitor cocktail for 40 min. 
Protein extracts were then centrifuged at 4 °C (14,000 rpm, 20 min). The protein 
concentration was determined using a bicinchoninic acid protein assay (Pierce 
Biotechnology). The protein extracts were loaded onto a 10 % (w/v) SDS-PAGE, 
and the gels were transferred to a nitrocellulose membrane using an iBLOT system 
(Invitrogen). The membrane was blocked with 5 % milk in Tris buffered saline 
with Tween 20 (TBST) at room temperature for 1 h and then incubated with the 
primary antibody at room temperature for 1 h. The membrane was washed five 
times for 10 min each and then incubated with either horseradish peroxidase-
conjugated anti-mouse or rabbit antibody in TBST for 30 min. The 
immunoreactivity was visualized using enhanced chemiluminescence (n = 3 per 
group). The apoptotic activity of the cells was also evaluated using 
immunocytochemical staining with antibodies against caspase-3 (Abcam, UK). The 
immunoreactivity was visualized using rhodamine-conjugated secondary 
antibodies (Jackson Immuno Research Laboratories Inc., West Grove, PA, USA). 
The samples were counterstained with DAPI (Vector Lbt.) and imaged using a 
fluorescence microscope (IX71 inverted microscope, Olympus). 
３４
2.3.7.2. Cytotoxicity analyses of AuNP/GO sheets
Cell viability was evaluated using the CCK-8 kit after MSCs were cultured with 
various concentrations of AuNP/GO sheets for 24 h.72 The mRNA expression of 
caspase-3, a pro-apoptotic marker, was evaluated using quantitative real-time 
polymerase chain reaction (qRT-PCR). SYBR green-based qRT-PCR was 
performed using a Step One Plus real-time PCR system (Applied Biosystems) with 
TOPrealTM qPCR 2X PreMIX (Enzynomics). Each cycle entailed the following: 
95 °C for 10 sec, 60 °C for 15 sec, and 72 °C for 30 sec. The viable and dead cells 
were detected by calcein-AM and ethidium homodimer-1, respectively, using a 
two-color fluorescence live/dead assay kit (Molecular Probes, USA). MSCs treated 
with the AuNP/GO sheets at various concentrations were incubated in calcein-
AM/ethidium homodimer-1 solution for 5 min at 37 °C and rinsed with PBS. The 
stained cells were examined using a fluorescence microscope. The apoptotic cells 
were analyzed by immunocytochemical staining using anti-caspase-3 antibody 
(Abcam) and detected with rhodamine isothiocyanate-conjugated secondary 
antibodies (Jackson ImmunoResearch Laboratories). The samples were 
counterstained in DAPI (Vector Laboratories) for nuclear staining and imaged 
using a fluorescence microscope. Cell membrane integrity was evaluated using a 
lactate dehydrogenase (LDH) assay kit (BioVision, USA). In brief, MSCs were 
incubated with AuNPs or AuNP/GO sheets for 1 and 3 days. The plate was 
centrifuged to precipitate the samples and the supernatant (0.1 mL/well) was 
transferred to new 96-well plate. Then, 0.1 mL of reaction mixture was added to 
each well and the samples were incubated for 30 min at room temperature. After 
incubation, the absorbance of solution was recorded at 495 nm. Positive control 
was prepared by adding lysis solution to the cells. The LDH release (% of lysis 
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control) is expressed as the percentage of (ODtest − ODblank)/(ODpositive − ODblank), 
where ODblank is an absorbance value of the no treatment group.
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2.3.8. Analysis of AuNP/GO sheet adsorption on MSCs
To evaluate the adsorption of fibronectin on AuNP/GO sheets, we incubated 
AuNP/GO sheets in serum-containing medium or serum-free medium for 1 day at 
37 ºC. Furthermore, to investigate the underlying mechanisms by which AuNP/GO 
sheets are attached to MSC surface, MSCs with or without AuNP/GO sheets were 
cultured on agar-coated plates in serum-containing medium or serum-free medium
for 1 day; the agar coating prevents cell adhesion to the plates. the samples were 
centrifuged at 4 °C (1,500 rpm, 5 min) and resuspended in a cold lysis buffer 
containing a protease inhibitor cocktail for 40 min. Then, the samples were 
analyzed through western blotting.
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2.3.9. In vitro stability of AuNP/GO sheets in biological fluids
AuNP/GO sheets (20 µg) were incubated in 200 µL of serum-containing medium 
or human plasma (Sigma Aldrich) at 37 ºC. After 6, 24, and 72 h of incubation, the 
unleashed AuNPs were collected by centrifugation and quantified using a ICP-MS. 
３８
2.3.10. In vitro tumor-tropism analysis
The migration of MSC-AuNP/GO sheets toward tumor spheroids was assessed 
using fluorescence staining. Tumor spheroids were formed by modifying the 
centrifugation method.73 DAPI-labeled HT-1080 cells (5 × 104 cells) were 
centrifuged at 1500 rpm for 10 min and cultured in 15 mL centrifuge tubes for 2 
days. Tumor spheroids were then carefully plated on agar-coated plates and 
cocultured with DiI-labeled dermal fibroblasts, MSCs, MSC-AuNPs or MSC-
AuNP/GO sheets (1 × 105 cells) for 1 day. Dermal fibroblasts and MSCs were used 
as the negative and positive controls, respectively. The samples were analyzed 
using a confocal microscope (SP8X, Leica).
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2.4. In vivo assays
2.4.1. In vivo tumor model 
All animal experiments were performed using six-week-old female BALB/c 
athymic nude mice (Orient Bio, Korea). Mice were anesthetized with xylazine (10 
mg/kg) and ketamine (100 mg/kg), and HT-1080 human fibrosarcoma cells (5 × 
106 cells in 100 μL PBS per mouse) were subcutaneously injected into the flank of 
the mice. The animal studies for MSC-PSAuNPs and MSC-AuNP/GO sheets were
approved by the Institutional Animal Care and Use Committee of Seoul National 
University (SNU-140513-6-1 and SNU-140513-6-2, respectively).
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2.4.2. In vivo MSC imaging
For tracking the migration of MSCs in tumor-bearing mice, the samples (MSCs, 
MSC-PSAuNPs, MSC-AuNPs 1×, MSC-AuNP/GO sheets 0.25×, or MSC-
AuNP/GO sheets 1×) were labeled with VivoTrack 680 (PerkinElmer, USA). The 
labeled cells were suspended in PBS (1 × 106 cells in 100 μL PBS) and 
intravenously injected via the tail vein (n = 3 per group). After 3 days, the 
biodistributions of the samples in the tumor-bearing mice were examined using an 
eXplore Optix System (ART Advanced Research Technologies Inc., Canada).
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2.4.3. Biodistribution of AuNPs in major tissues and tumors
2.4.3.1. Biodistribution analyses of MSC-PSAuNPs
The MSCs (3 x 105 cells) were incubated with the same concentration (50 μg/mL) 
of PSAuNPs or cAuNPS for 2 days, and the AuNP incubation process was repeated
three times. The MSC-PSAuNPs or MSC-cAuNPs were rinsed with PBS,
suspended in PBS solution, and injected intravenously into the tumor-bearing mice
when the tumors reached approximately 7 mm in diameter. Each mouse in the 
MSC-cAuNP group and MSC-PSAuNP group received 2 x 106 cells and 1 x 106
cells, respectively, since these numbers of cells contained the same amount (153 
μg) of AuNPs. PBS, cAuNPs, or PSAuNPs solutions were also intravenously 
administered as control groups. The cAuNP, MSC-cAuNP, PSAuNP, and MSC-
PSAuNP groups received the same amount (153 μg) of AuNPs per mouse. The 
gold amount of each group was determined via ICP-MS prior to the intravenous 
administration. For the CT analysis, the tumor tissues were fixed in 4 % 
paraformaldehyde in PBS for 24 h at 3 days post-intravenous injection. The CT 
images of the tumor tissues were obtained using a micro-CT system (SkyScan-
1076; Skyscan, 40 kV, 250 mA) and CT image processing was performed using 
CT analyzer software (Skyscan). To quantify the amount of AuNPs in the tumor 
tissues and major organs (spleen, liver, kidney, lung, heart, and brain), the mice 
were sacrificed at 3 days post-intravenous injection, and the tissues and organs 
were retrieved and lysed using aqua regia. The amount of AuNPs in the tissues and 
organs was determined via ICP-MS and expressed as a percentage of the injected 
dose of AuNPs.
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2.4.3.2. Biodistribution analysis of MSC-AuNP/GO sheets
MSCs were incubated with 50 μg/mL AuNPs (1×), 12.5 μg AuNP/mL in 
AuNP/GO sheets (0.25×), or 50 μg AuNP/mL in AuNP/GO sheets (1×) for 1 day. 
The samples were rinsed thrice with PBS, collected via EDTA treatment, and 
resuspended in PBS solution. Following this, the samples (1 × 106 cells in 100 μL
per mouse) were intravenously administered into the tumor-bearing mice when the 
tumor size had reached approximately 7 mm in diameter. The solutions of AuNPs 
or AuNP/GO sheets were also intravenously injected as control groups. The AuNP, 
AuNP/GO sheet, MSC-AuNP 1×, and MSC-AuNP/GO sheet 0.25× groups were 
given the same amount (212.6 μg) of AuNPs per mouse. The MSC-AuNP/GO 
sheet 1× group received 716.5 μg of AuNPs per mouse. To quantify the amount of 
AuNPs in the major organs (spleen, liver, kidney, lung, heart, and stomach), blood, 
and tumor tissues, the mice were sacrificed at 3 days post-intravenous injection. 
The organs and tissues were retrieved and lysed using aqua regia. The amount of 
AuNPs in the organs and tumor tissues was measured via ICP-MS and expressed as 
a percentage of the injected dose of AuNPs per g tissues.
４３
2.4.4. In vivo photothermal therapy
Tumor-bearing mice were randomly sorted for treatments when the tumor size 
reached approximately 7 mm in diameter. For the MSC-PSAuNP study, PBS, 
cAuNPs, MSC-cAuNPs (2 × 106 cells), PSAuNPs, or MSC-PSAuNPs (1 × 106
cells) in 100 μL of PBS were intravenously injected into each of the tumor-bearing 
mice. Each mouse of the cAuNP, MSC-cAuNP, PSAuNP, and MSC-PSAuNP 
groups received the same amount (153 μg) of AuNPs. In addition, for the MSC-
AuNP/GO sheet study, each mouse of the MSC-AuNP/GO sheet 1× group received 
716.5 μg of AuNPs, and the other groups (AuNP, AuNP/GO sheet, MSC-AuNP, 
and MSC-AuNP/GO sheet 0.25×) received 212.6 μg of AuNPs; PBS and MSC 
groups did not receive any AuNPs. After 3 days post-injection, the tumor tissues of 
MSC-PSAuNP and MSC-AuNP/GO sheet studies were exposed to the laser (the 
MSC-PSAuNP study; 660 nm cw diode laser, 0.5 W/cm2 and the MSC-AuNP/GO 
sheet study; 808 nm cw diode laser, 1.5 W/cm2) for 1 and 5 min under anesthesia, 
respectively. The temperature variations at the tumor regions were recorded using a 
real-time infrared thermal imaging system (FLIR i2). Tumor sizes were measured 
using a digital caliper every 3 days, for 21 days. The tumor volume was estimated 
according to the ellipsoidal calculation, V = a x b2 x 0.5, where a is the largest and 
b is the smallest diameter.74 For histological analysis, tumor tissues were retrieved 
at 1 day post-laser irradiation and fixed with 4 % paraformaldehyde in PBS. The 
samples were embedded in paraffin and sectioned at a thickness of 6 μm. The 
sections of tumor tissue were stained using hematoxylin and eosin, and analyzed 
using an optical microscope.
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2.5. Statistical analysis
Quantitative data were expressed as the means ± standard deviations. The statistical 
analysis was performed using one-way analysis of variance (ANOVA) with the 
Tukey’s significant difference post hoc test using SPSS software (SPSS Inc., USA). 
A value of p < 0.05 was considered to denote statistical significance.
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Chapter 3.
pH-sensitive gold nanoparticles loaded in 




Plasmonic photothermal therapy is a spatiotemporally controllable heat shock
strategy for cancer treatment.1 Gold nanoparticles (AuNPs) have been intensively 
investigated as a photothermal agent for photothermal cancer therapy.9-11 AuNPs 
efficiently generate heat by absorbing the extrinsic light energy at the plasmonic 
resonant wavelength. Previous studies have reported on the efficient photothermal 
therapy using NIR-responsive gold nanostructures such as nanoshells,75 nanorods,76
and nanomatryoshkas.77 Here, we used previously developed pH-sensitive 
aggregative AuNPs (PSAuNPs) that selectively aggregate under mild acidic 
conditions.11 The PSAuNPs consist of ~ 10 nm gold nanospheres, which can be 
easily synthesized in large scale,78 and pH-susceptible surface ligands. Under mild 
acidic conditions, such as the pH in cellular acidic endosomes/lysosomes, the 
negatively charged surfaces of PSAuNPs are converted to positive and negative 
charges, which rapidly causes aggregation of the nanoparticles through electrostatic 
interactions. As the aggregation of AuNPs induces the absorption red-shift to near-
infrared (NIR) region, PSAuNP aggregates exhibit stronger photothermal effects 
upon the NIR irradiation compared to unmodified AuNPs.11 Furthermore, PSAuNP 
aggregates exhibit higher photostability than gold nanorods, which shows the 
potential of PSAuNPs as the efficient and long-term stable photothermal agents. 
Although various gold nanostructures that can efficiently generate heat upon NIR-
laser irradiation have been developed, it still remains challenging to improve the
tumor-targeting efficiency and intratumoral distribution of these nanostructures for 
the effective photothermal treatment. 
Tumor-tropic cells have been used as delivery vehicles that can transport 
nanoparticle to tumor tissues.37-40 Here, we used MSCs, which are tumor tropic, as 
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the nanoparticle-delivery vehicle based on the several distinct features of MSCs. It 
was demonstrated that the tumor-tropic properties of MSCs are exhibited 
regardless of the tumor type. Furthermore, MSCs can be easily isolated from the 
patients and extensively expanded in vitro.50 MSCs also exhibit minimal 
immunogenicity and even immunosuppressive property upon transplantation.50-51
Therefore, AuNP-laden MSCs can serve as a stealth vehicle to deliver AuNPs to 
tumors, as they can avoid the surveillance of immune cells to safely arrive at the 
target tumor tissues. 
In cell-mediated nanoparticle delivery systems, it is important to retain the 
loaded AuNPs within cells during their migration to the tumor tissues because 
nanoparticles can easily escape from cells through exocytosis.55 This lowers the
tumor-targeting efficiency of the nanoparticles. The endocytosis and exocytosis of 
nanoparticles depend on the size and shape of nanoparticles.54-55 Spherical-shaped 
PSAuNPs can be efficiently endocytosed into cells and the formation of large-sized 
PSAuNP aggregates in cells can prevent exocytosis of AuNPs,54-55 consequently 
enhancing cellular retention. In this study, we hypothesized that MSCs loaded with 
PSAuNPs (MSC-PSAuNPs) would enhance the tumor-targeting efficiency and the 
plasmonic photothermal effect of AuNPs by inducing the aggregation of AuNPs
within the MSCs and reducing AuNP exocytosis. First, we investigated whether 
high loading of PSAuNPs in MSCs could be obtained by efficiently reducing the 
exocytosis of PSAuNPs via PSAuNP aggregation in the MSCs (see mechanism in 
Figure 3.1). Then, we investigated whether the in vitro photothermal capability of 
the PSAuNP aggregates in MSCs, which were larger in size than pH-insensitive, 
control AuNPs (cAuNPs) in MSCs, was improved. We also established a method 
of multiple treatments with AuNPs to maximize AuNP loading in MSCs. 
Following intravenous injection of MSC-PSAuNPs into tumor-bearing mice, we 
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demonstrated the high tumor-targeting efficiency of the MSC-PSAuNPs via
imaging and investigated the biodistributions of AuNPs in the tumor tissues and 
distant organs. The enhanced photothermal therapeutic efficiency of the MSC-
PSAuNP was demonstrated by observing the prognosis for 21 days and performing 
gene expression and histological analysis. 
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Figure 3.1. Schematic illustration of the working mechanisms of the improved tumor-
targeting efficiency and photothermal effect of the AuNPs by employing pH-sensitive 
aggregative AuNP-laden mesenchymal stem cells (MSC-PSAuNPs). Unlike cAuNPs, 
PSAuNPs change their surface charge from negative charge to a mixture of negative and 
positive charges because some of the citraconic amide is hydrolyzed at a mild acidic 
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condition. This partial hydrolysis of the PSAuNPs’ surface ligands causes AuNP 
aggregation through electrostatic interactions. The AuNPs can be taken up by mesenchymal 
stem cells (MSCs) and delivered to the target tumor region via the tumor-tropic properties 
of MSCs. pH-insensitive cAuNPs are easily exocytosed from MSCs, which results in low 
tumor-targeting efficiency, and induce poor photothermal effects due to their small size and 
low tumor-targeting efficiency. In contrast, the cancer treatment strategy using MSC-
PSAuNPs can enhance the anti-cancer therapeutic effects, as the PSAuNPs cluster together 
in acidic endosomes in the MSCs, which enhances the tumor-targeting efficiency of AuNPs 
via preventing exocytosis and increases the photothermal effect via the stronger resonant 
absorption.
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3.2. Results and discussion
3.2.1. Characterization of PSAuNPs
PSAuNPs were prepared using the method described in our previous report.11 The 
pH-sensitive aggregation of PSAuNPs was examined in buffer solutions under pH 
7.4 or 5.5. We observed the surface plasmon resonance of the AuNPs by 
monitoring the absorption over time. The cAuNPs exhibited no noticeable 
absorption change in both the pH 5.5 and pH 7.4 buffer environments (Figure 
3.2A). In contrast, the PSAuNPs in the pH 5.5 environment exhibited a continuous 
absorption red-shift and broadening over time, although in the pH 7.4 environment 
they exhibited negligible absorption change (Figure 3.2A). These results indicate a 
pH-sensitive aggregation of the PSAuNPs, as the broadening red-shifted absorption 
is attributed to the coupled plasmons between closely located AuNPs.11 The zeta-
potential and the hydrodynamic size of the AuNPs were measured over time in the 
pH 5.5 and pH 7.4 environments. Although the zeta-potential of the cAuNPs was –
30 mV under both pH conditions, the PSAuNPs in the pH 5.5 exhibited significant 
changes in the zeta-potential from – 30 mV to – 9 mV (Figure 3.2B). This indicates 
that the surface charge of the PSAuNPs was partially converted from negative to 
positive under the mild acidic conditions. The hydrodynamic size changes 
coincided with the zeta-potential. The cAuNPs retained their initial hydrodynamic 
size (14 nm) throughout the period (Figure 3.2C). In contrast, the PSAuNPs in pH 
5.5 exhibited a rapid increase in hydrodynamic size from 14 nm to 90 nm within 30 
min, whereas there was no noticeable change in pH 7.4 (Figure 3.2C). The 
transmission electron microscopy (TEM) analysis further confirmed the
aggregation of PSAuNPs under the acidic conditions. In the pH 5.5 environment, 
the PSAuNPs clustered over time, whereas no noticeable size change was observed 
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for the cAuNPs (Figure 3.2D). Taken together, these results demonstrate that the 
PSAuNPs are indeed pH-sensitive aggregative. To compare the properties of 
PSAuNPs and cAuNPs at the cellular level, PSAuNPs or cAuNPs were added to 
MSC culture. The TEM analysis revealed PSAuNP aggregates that were > 200 nm 
in diameter within the intracellular vesicles (Figure 3.2E). The pH-sensitive 
aggregative property of the PSAuNPs led to the formation of PSAuNP clusters 
likely in the acidic endosomes of the MSCs. Furthermore, the amount of PSAuNPs 
in each intracellular vesicle seemed to be greater than that of cAuNPs (Figure 3.2E), 
which was likely due to proton sponge effect of PSAuNPs. During endosomal
maturation, early endosomes (pH = 6.8 – 5.9) accumulate endocytosed molecules 
by fusion with each other.79-81 Along with decreasing the endosomal pH by about 
0.5 units, early endosomes are converted to late endosomes (pH = 6.0 – 4.9) and 
subsequently fuse with lysosomes (pH = 5.0 – 4.5).79-81 Previous studies have
demonstrated that bafilomycin, a vacuolar H+-ATPase inhibitor blocking the pH
changes in acidic organelles, slows down the progression of early endosomes to 
lysosomes.82-84 Based on those reports, we postulated that the endocytosed 
PSAuNPs would also hinder the endosomal pH drop as carboxylic acid groups of 
pH-sensitive ligands have proton-absorbing capability inside the mildly acidic 
endosomes (Figure 3.2B). Therefore, the endosomes containing PSAuNPs would
have more chances to fuse with each other due to the extended time of the 
endosomal maturation compared to those containing cAuNPs, which was likely to
induce more PSAuNPs to be accumulated in each intracellular vesicle.
Next, the cellular uptake of the AuNPs was quantitatively evaluated using 
ICP-MS after incubating the MSCs with the same concentration of PSAuNPs or 
cAuNPs for 24 h. The MSCs treated with PSAuNPs exhibited a 4-fold higher 
accumulation than those treated with cAuNPs (Figure 3.3A). A possible 
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explanation for the increased content of AuNPs in the MSCs is the suppression of 
AuNP exocytosis. To examine the dynamics of AuNP exocytosis, the MSCs were 
cultured with PSAuNPs or cAuNPs for 24 h and washed 3 times to remove the 
non-internalized AuNPs. After replenishing the culture dish with fresh medium, the 
quantity of AuNPs in the MSCs was determined via ICP-MS at various culture-
time points (Figure 3.3B). We calculated the fraction of exocytosed AuNPs (Fexo) 
using the previously described equation:55
where Nout is the quantity of AuNPs exocytosed from the MSCs at time t, and N0 is 
the initial quantity of AuNPs contained in the MSCs. Interestingly, a lower fraction 
of the PSAuNPs were exocytosed at a slower rate compared to the cAuNPs (Figure 
3.3B). At 72 h, the exocytosed fraction of the PSAuNPs (29 %) was only the half 
of that of the cAuNPs (60 %). From the exocytosis kinetics, we inferred the half-
life of the AuNPs, which was defined as the time taken to reach half of the fraction 
of exocytosed AuNPs at steady state.55 The half-life values of the cAuNPs and 
PSAuNPs were 0.58 h and 1.90 h, respectively. This result confirmed that the 
exocytosis rate of the PSAuNPs was much slower than that of the cAuNPs. 
Previous studies have demonstrated that both endocytosis and exocytosis of 
nanoparticles occur in a size-dependent manner.54-55 Nanoparticles with diameters 
smaller than 100 nm are not only more easily taken up by cells,54 but also more 
easily released from the cells.55 The PSAuNPs exhibit ambivalent characteristics, 
which can lead to effective intracellular accumulation of AuNPs. Once the 
PSAuNPs (14 nm in size) at physiological pH are efficiently endocytosed, the 
PSAuNPs aggregates (> 100 nm in size) are formed in acidic endosomes and 
poorly exocytosed.
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The in vitro photothermal effect of the PSAuNP-laden MSCs was evaluated 
via a real-time infrared thermal imaging system during 660 nm laser irradiation at a 
power density of 0.5 W/cm2 (Figure 3.3C). The temperature profiles of the MSCs 
following treatment with various concentrations of PSAuNP (30 or 90 μg/mL) or 
cAuNP (90 μg/mL) were observed for 100 sec of laser irradiation. The 
photothermal effect of the AuNPs depends on the size and amount of AuNPs.9,17,85
The resonant absorption properties of AuNPs induce heat generation upon laser 
irradiation.86 As the diameter of AuNPs increases, the surface plasmon absorption 
is red-shifted toward the NIR region (Figure 3.2A). Therefore, when NIR laser is 
irradiated, PSAuNP aggregates with larger diameters yield higher light-to-heat 
conversion than AuNPs with smaller diameters. The temperatures of the MSCs 
treated with same concentration (90 μg/mL) of PSAuNP and cAuNP increased to 
49.3 and 40.3 °C, respectively, after 100 sec of irradiation (Figure 3.3C). The 
higher temperature in the MSC-PSAuNP 90 μg/mL group is attributed to the larger 
intracellular amount and size of the PSAuNPs. In addition, the MSC-PSAuNP 30 
μg/mL group exhibited a higher temperature profile compared to the MSC-cAuNP 
90 μg/mL group (Figure 3.3C).
５５
Figure 3.2. pH-dependent aggregation of the PSAuNPs. (A) Time evolution of
absorption at pH 7.4 and pH 5.5 for cAuNPs and PSAuNPs. (B) Zeta-potential and (C) 
hydrodynamic size of the cAuNPs (left) and PSAuNPs (right) at pH 5.5 and pH 7.4. (D) 
TEM images of the cAuNPs and the PSAuNPs at pH 5.5 for various elapsed times. (E) 
TEM images showing the intracellular localization of AuNPs (arrows) after incubating the 
MSCs with the same concentration of cAuNPs or PSAuNPs for 24 h. Scale bars = 200 nm. 
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Figure 3.3. Exocytosis and photothermal properties of the PSAuNPs in the MSCs. (A) 
Intracellular amounts of AuNPs after incubating the MSCs with the same concentration 
(100 μg/mL) of cAuNPs or PSAuNPs for 24 h, as evaluated via ICP-MS (n = 4). * p < 0.05. 
(B) Time profiles of AuNP exocytosis (n = 4) and the intracellular amounts of AuNPs in 
the MSCs at t = 72 h (n = 4). The MSCs were cultured with the same concentration of 
PSAuNPs or cAuNPs for 24 h and then washed to eliminate the non-internalized AuNPs. 
After replenishing the culture dish with fresh medium, the amount of AuNPs in the cells 
was determined via ICP-MS over time to evaluate the exocytosed AuNPs at various time 
points (t). * p < 0.05. (C) Temperature profiles of the AuNP-laden MSCs during the laser 
irradiations (n = 5). * p < 0.05 versus any group, # p < 0.05 versus MSC-cAuNP 90 μg/mL 
group. 
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3.2.2. Optimizing the PSAuNP dose and multiple treatments
To maximize the quantity of PSAuNPs loaded in the MSCs, the PSAuNP dose and
the PSAuNP treatment method must be optimized. The MSCs were incubated with 
various concentrations of PSAuNPs for 24 h. The cell viability was then evaluated 
using a cell counting kit-8 (CCK-8). Compared to the no treatment group, the 
MSCs treated with 500 μg/mL PSAuNPs exhibited a significantly reduced cell 
viability (Figure 3.4A). However, 100 μg/mL PSAuNPs did not cause cytotoxicity. 
From these results, we determined that 100 μg/mL of PSAuNPs is the maximum 
concentration that does not cause the cytotoxicity. A previous study has 
demonstrated that the negatively charged AuNPs, such as cAuNPs and PSAuNPs, 
can cause a dose-dependent cytotoxicity.87 When a large amount of the negatively 
charged AuNPs are internalized into cells, the stressed mitochondria increases the 
intracellular amount of calcium ions.87 Consequently, the cells treated with a large 
amount of the negatively charged AuNPs undergo the calcium-evoked apoptosis.
Next, we investigated whether multiple treatments of MSCs with 
PSAuNPs increase the intracellular loading of PSAuNPs in vitro. In previous 
studies, cells have been subjected to only a single treatment of nanoparticles for 
cellular uptake.37,88-89 For the first time, we incubated the MSCs with PSAuNPs 
three times for 2 days each. Briefly, the MSCs were incubated with PSAuNPs for 2 
days and then replenished with fresh medium containing new PSAuNPs. This 
procedure was carried out three times. The cell viability and apoptotic activity were
assessed using live/dead imaging, western blotting, quantitative real-time PCR 
(qRT-PCR), and immunocytochemical staining. The live/dead cell staining 
indicated that the three consecutive treatments with 100 μg/mL PSAuNPs caused 
cytotoxicity (Figure 3.4B). The western blot analysis for a pro-apoptotic marker 
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(Caspase-3) and a proliferating cell nuclear antigen (PCNA) also demonstrated that 
the three consecutive treatments with 100 μg/mL PSAuNPs induced apoptotic 
activity and decreased the proliferating capability (Figure 3.4C). Furthermore, the 
number of Caspase-3-positive cells was significantly increased in the 100 μg/mL 
PSAuNP × 3 group compared to the 50 μg/mL PSAuNP × 3 group (Figure 3.4D).
These analyses confirmed that 50 μg/mL of PSAuNPs is a suitable concentration 
for the three repeated treatments because cell viability, proliferation, and apoptosis
of the 50 μg/mL PSAuNP × 3 group were not significantly different compared to
the no treatment group (Figure 3.4B-D). 
Multiple treatments of MSCs with PSAuNPs increased intracellular 
loading of the PSAuNPs in vitro. The TEM analysis revealed that the intracellular 
amount of PSAuNP aggregates was increased in the MSC-PSAuNP 50 μg/mL × 3 
group compared to the MSC-PSAuNP 150 μg/mL × 1 group (Figure 3.4E). The 
ICP-MS analysis for quantifying the intracellular PSAuNP content indicated that
the MSC-PSAuNP 50 μg/mL × 3 group corresponded to 14.8-fold and 6.0-fold 
higher intracellular contents of PSAuNPs compared to the MSC-PSAuNP 50 
μg/mL × 1 group and the MSC-PSAuNP 150 μg/mL × 1 group, respectively
(Figure 3.4F). The PSAuNP content in cells in the 150 mg/mL PSAuNP treatment 
group was much smaller than that in the 50 mg/mL PSAuNP × 3 group (Figure 
3.4F). This was likely due to the higher toxicity of the 150 mg/mL PSAuNP 
treatment compared to that of the 50 mg/mL PSAuNP × 3 treatment (Figure 3.4C-
D). For the determination of intracellular AuNP contents, cells were washed with 
PBS three times. In this procedure, a large amount of PSAuNPs were likely washed 
out from the dead cells in the 150 mg/mL PSAuNP treatment group that contains 
more dead cells than the 50 mg/mL PSAuNP × 3 treatment group. Meanwhile, as 
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shown in the TEM images (Figure 3.4E), the PSAuNPs in the MSCs were located 
in vesicles, which indicates that the PSAuNPs were internalized primarily via
endocytosis.90 In this pathway of cellular uptake, specific regions of the plasma 
membrane wrap around the PSAuNPs and then detach to form internalized vesicles. 
As the surface area and the recovery time of the plasma membrane are restricted,90
the endocytosis efficiency is limited. Therefore, the cells treated with a low 
concentration of nanoparticles for a longer time period internalize more




Figure 3.4. PSAuNP dose optimization and multiple treatments. Cytotoxicity of the 
PSAuNPs at various concentrations, which was evaluated by determining the viability of 
the MSCs according to (A) cell counting kit-8 assay following culture for 1 day with 
various concentrations of PSAuNPs. * p < 0.05 versus any group. (B) Fluorescence images 
of the MSCs stained with FDA/EB after three treatments with various concentrations of 
PSAuNPs. Green and red indicate viable and dead cells, respectively. Scale bars = 100 μm. 
(C) Apoptotic and proliferation activity of the MSCs after one or three treatments with 
various concentrations of PSAuNPs, as evaluated via western blotting for a pro-apoptotic 
marker (Caspase-3) and a cell proliferating marker (PCNA). * p < 0.05 versus the 100 
μg/mL × 3 or the 150 μg/mL group. # p < 0.05 versus the no treatment group. (D) The 
apoptotic activity of the MSCs after one or three treatments with various concentrations of 
PSAuNPs, as evaluated via immunocytochemical staining for Caspase-3 (red). The cell 
nuclei are stained with DAPI (blue). Scale bars = 100 μm. * p < 0.05 versus the 100 μg/mL 
× 3 or the 150 μg/mL group. # p < 0.05 versus the no treatment group. (E) TEM images 
showing the intracellular localization of PSAuNPs in the MSCs after a single treatment 
with 150 μg/mL PSAuNPs or three consecutive treatments with 50 μg/mL PSAuNPs. The 
magnified images show the representative PSAuNP aggregates. (F) The intracellular 
amounts of PSAuNPs in the MSCs after a single treatment or three consecutive treatments 
with various concentrations of PSAuNPs, as evaluated via ICP-MS (n = 4). * p < 0.05 
versus the 50 μg/mL × 3 group.
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3.2.3. In vitro photothermal capability
We next compared the photothermal effects of a single treatment and multiple 
treatments of MSCs with PSAuNPs by measuring the temperature rise after laser 
irradiation (660 nm, 0.5 W/cm2) (Figure 3.5). The MSCs treated with a single dose 
of 50 μg/mL PSAuNPs exhibited temperature increase of 16 °C, after 100 sec of 
irradiation. Interestingly, the MSCs treated with 50 μg/mL PSAuNP × 3 exhibited 
rapid temperature increase of 43 °C. This result demonstrated that the MSC 
treatments with PSAuNPs three times significantly enhanced the photothermal 
capability compared to the single treatment, which is attributed to the increased 
intracellular loading of PSAuNPs due to the multiple treatments.
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Figure 3.5. The photothermal effects of a single treatment and three consecutive 
treatments of MSCs with PSAuNPs. Temperatures were measured during laser irradiation 
(n = 5). * p < 0.05 versus any other group. DW indicates distilled water.
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3.2.4. In vivo tumor-targeting effect and biodistributions of MSC-
PSAuNP
We next investigated the tumor-targeting efficiency and the biodistributions of the 
MSC-PSAuNPs after intravenous administration to tumor-bearing mice. Tumors 
were generated via subcutaneous injection of human fibrosarcoma cell line (HT-
1080 cells) to both flanks of athymic mice. After the tumors reached a proper 
volume, MSCs labeled with fluorescence were intravenously injected through tail 
vein. First, the biodistributions of MSCs and MSC-PSAuNPs in the tumor-bearing 
mice was examined using a real-time live imaging system at 1, 3, and 7 days post-
injection (Figure 3.6A). No signal was detected in the PBS injection control group. 
In contrast, the MSC and MSC-PSAuNP injection groups showed clear fluorescent 
signals and exhibited similar distribution patterns. At 1 day post-injection, the 
fluorescent signals were detected in both tumor and normal tissues. The signals 
were strongly detected only in tumor regions at 3 days post-injection, and slightly 
decreased at 7 days post-injection. This result indicated that the number of MSCs 
or PSAuNP-laden MSCs in the tumor tissues reached a peak at 3 days post-
injection. Furthermore, the tumor-tropic properties of MSCs were maintained even 
after MSCs were loaded with PSAuNPs. 
Previous studies have demonstrated that MSCs preferentially migrate to 
tumor regions regardless of the tumor type.47-49 The tumor tropism of MSCs 
involves interactions between the chemokines released from tumor tissues and the 
chemokine receptors expressed on the surfaces of MSCs. Tumor-secreted factors 
enhance the expression of CXC and CC receptors and activate growth factor 
receptors or toll-like receptors of MSCs.42-46 MSCs then become more sensitized to 
chemoattractants, including CCL2,42 CXCL8,43 RANTES (CCL5),44 PDGF-bb,45
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IGF-1,44 and VEGF46, which are released from tumor tissues. These interactions 
between MSCs and tumor tissues increase the tumor-targeting efficiency of AuNPs 
in MSC-mediated AuNP delivery system.
Next, to qualitatively investigate the in vivo tumor-targeting efficiency,
the AuNPs in tumor tissues were imaged using micro-CT at 3 days after
intravenous injection of either PBS, cAuNPs, MSC-cAuNPs, PSAuNPs, or MSC-
PSAuNPs (Figure 3.6B). The micro-CT analysis showed that the injection of MSC-
PSAuNPs resulted in the accumulation of a higher amount of AuNPs in the tumor 
tissues compared to the other groups. Furthermore, the MSC-PSAuNP group 
showed even distribution of AuNPs within the tumor tissues. The improved 
intratumoral distribution of AuNPs facilitates the uniform temperature increases 
throughout the tumor tissues and consequently enhances the efficacy of 
photothermal cancer therapy.40
To investigate the biodistributions of the MSC-PSAuNPs following 
intravenous injection into tumor-bearing mice, the amount of AuNPs localized in 
the tumor tissues and major organs (spleen, liver, kidney, lung, heart, and brain) 
were determined using ICP-MS at 3 days post-injection (Figure 3.6C). All of the 
groups exhibited large amounts of AuNPs accumulated in the reticuloendothelial 
(spleen, liver, and lung) and urinary (kidney) systems, which is in accordance with 
the results of a previous study.88 For the AuNP accumulation in the tumors, the 
MSC-PSAuNP group showed the highest tumor-targeting efficiency of 5.6 ± 2.1 %
ID/g tumors, which was a 37-fold higher than that of the cAuNP group. The tumor-
targeting efficiency of AuNPs in our MSC-PSAuNP system is even higher than 
that of a previous study (2 – 3 % ID) in which AuNPs were decorated with a
tumor-targeting moiety (transferrin).29 Furthermore, the tumor-targeting efficiency 
of the MSC-PSAuNP group was 6.8-fold and 5.7-fold higher than the MSC-cAuNP 
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group and the PSAuNP group, respectively. This result indicates that the tumor-
targeting efficiency of AuNPs can be maximized when PSAuNPs and MSCs are 
applied together. The highest tumor-targeting efficiency of MSC-PSAuNPs is 
likely attributed to the tumor-tropic properties of MSCs and the prevention of 
AuNP exocytosis via forming PSAuNP aggregates. Taken together, the MSC-
PSAuNP system significantly enhanced the tumor-targeting efficiency of AuNPs.
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Figure 3.6. In vivo tumor-targeting and biodistributions of the AuNPs. (A) In vivo 
distribution of MSCs and MSC-PSAuNPs at various time points following intravenous 
injection into tumor-bearing mice. (B) Accumulation of AuNPs in the tumor 3 days after 
the intravenous injection, as evaluated via micro-CT imaging. Yellow indicates the AuNPs 
in the tumor. Scale bar = 3 mm. (C) Biodistributions of the AuNPs in the tumor tissues and 
major organs 3 days after intravenous injection of cAuNPs, MSC-cAuNPs, PSAuNPs, or 
MSC-PSAuNPs into tumor-bearing mice, as evaluated via ICP-MS (n = 3). * p < 0.05 
versus any other group. # p < 0.05 versus the cAuNP group.
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3.2.5. In vivo photothermal efficiency
The photothermal efficiency of the MSC-PSAuNPs was examined in a tumor-
bearing mouse model. As shown in Figure 3.7A, MSCs were treated with medium 
containing 50 μg/mL PSAuNPs or cAuNPs three times for 2 days each. After the 
tumor reached a diameter of 7 mm, the PSAuNP-laden MSCs were injected 
intravenously. As controls, PBS, cAuNPs, MSC-cAuNPs, or PSAuNPs were also 
injected. At 3 days post-injection, the tumors were irradiated with a 660 nm laser 
for 60 sec at a power density of 0.5 W/cm2. Since the real-time infrared thermal 
imaging system measures the skin temperatures only, the temperatures in the tumor 
tissues would be higher than the recorded values. As shown in Figure 3.7B, the 
MSC-PSAuNP group exhibited the largest temperature increase of 23.3 °C. This 
result is likely attributed to the improved tumor-targeting efficiency and 
photothermal effect of AuNPs via tumor tropism of MSCs, formation of the AuNP 
aggregates in MSCs, and prevention of the AuNP exocytosis. Meanwhile, although 
laser irradiation in the PBS, MSC, cAuNP, and MSC-cAuNP groups induced 
comparable temperature increases of 13.4 – 15.3 °C, the PSAuNP group showed 
more temperature increase of 17.0 °C (Figure 3.7B). This result is likely attributed 
to the larger size of the PSAuNP aggregates compared to the cAuNP.
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Figure 3.7. In vivo photothermal efficiency. (A) A schematic illustration of the 
photothermal cancer therapy using the MSC-PSAuNPs. The MSCs were treated three times 
with 50 μg/mL PSAuNPs for 2 days each and then intravenously injected into tumor-
bearing mice. After 3 days, the tumors were exposed to NIR laser light for 60 sec under 
anesthesia. (B) Real-time infrared thermal images and temperature increases at the tumor 
sites after irradiation for 60 sec (n = 4). ** p < 0.05 versus any other group, * p < 0.05 
versus any other group except the MSC-cAuNP group, # p < 0.05 versus any other group 
except the PSAuNP group.
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3.2.6. In vivo photothermal cancer therapy
We next evaluated the in vivo anti-cancer therapeutic efficacy of the MSC-
PSAuNPs. The tumor-bearing mice were randomly divided into 12 groups 
according to the intravenously injected material type (PBS, MSC, cAuNP, MSC-
cAuNP, PSAuNP, or MSC-PSAuNP) with or without laser irradiation. At 3 days 
post-injection, a selection of the mice were exposed to laser irradiation for 60 sec
(660 nm, 0.5 W/cm2), and all of the mice were observed for 21 days (Figure 3.8A). 
The mice in the MSC-PSAuNP (L+) group exhibited scabs in the tumor region
(Figure 3.8A) and an imperceptible tumor size at day 9 (Figure 3.8B). At day 21, 
no signs of tumor tissues were observed in most of the mice (Figure 3.8B). 
Compared to the MSC-PSAuNP (L+) group, the other irradiation groups showed 
9.4- to 13.7-fold larger tumor volumes at day 21 (Figure 3.8B).
There is a controversy about the function of MSCs in tumor growth.91
Previous studies have demonstrated that MSCs exhibited the anti-tumor effect by 
inhibiting angiogenesis92 and inducing apoptosis of tumor cells in a cell number-
dependent manner.93 In contrast, the pro-tumor effect of MSCs was demonstrated 
in other studies.94-95 MSCs promoted proliferation and metastasis of tumor cells in 
osteosarcoma94 and colon carcinoma models.95 In our study, the MSC (L-) group 
showed the comparable tumor growth to the PBS (L-) group (Figure 3.8B), which 
indicated that MSCs did not affect the tumor growth. 
Histological analysis of the tumor tissues indicated that the PSAuNP (L+) 
and MSC-PSAuNP (L+) groups exhibited partial and nearly complete destruction 
of the tumor cells, respectively (Figure 3.8C). In the other group, cytotoxic damage 
was not observed. Meanwhile, photothermal cancer therapy may not cause tumor 
cell dispersion that encourages metastatic tumor repopulation at distal sites, as a 
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previous study reported that photothermal therapy slightly inhibited the metastatic 
tumor growth by releasing tumor-associated antigens and inducing the 
immunological responses.96
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Figure 3.8. In vivo photothermal therapeutic effects. (A) Representative images of the 
laser irradiation groups and MSC-PSAuNP (L-) group at day 9 and 21. Magnified images 
indicate the tumor regions. (B) Volume profiles of each tumor tissue over 21 days after 
laser irradiation (n = 8). * p < 0.05 versus any other group. (C) Hematoxylin and eosin 
staining images of thin sections of the tumor tissues with or without irradiation at day 21. 
Scale bar = 100 μm.
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Chapter 4.
Gold nanoparticle/graphene oxide hybrid 
sheets attached on mesenchymal stem cells 
for effective photothermal cancer therapy 
７４
4.1. Introduction
Tumor-tropic cell-mediated nanoparticle delivery has been investigated to improve 
the tumor-targeting efficiency of anti-cancer nanostructures. The underlying 
strategy in previous approaches was to internalize anti-cancer nanoparticles into 
tumor-tropic cells.39,41,97-98 However, the intracellular nanoparticles can cause 
cytotoxicity and escape from the carrier cells via exocytosis, which lowers the 
efficiency of nanoparticle loading within cells.55,87,99-100 In addition, the enhanced 
photothermal effect via plasmon coupling between AuNPs is hardly expected if the
nanoparticles scattered within the cells.
Here, we report the effective photothermal cancer therapy using the tumor-
tropic cells attaching AuNP-clustered sheets. MSCs were selected as AuNP 
delivery vehicles because they can be easily collected from patients and expanded 
in vitro.50 We fabricated α-synuclein-coated gold nanoparticle and graphene oxide 
(AuNP/GO) hybrid sheets by adsorbing α-synuclein-coated AuNPs on both sides 
of micro-sized GO flakes. Alpha-synuclein is a member of intrinsically disordered 
proteins exerting high structural plasticity upon ligand interaction.101 In our 
previous study, we demonstrated that AuNPs can be coated with α-synuclein using 
the unique interaction between AuNP surface and α-synuclein protein, and that the 
α-synuclein-coated AuNPs can be adsorbed in a monolayer on any substrates under 
an acidic condition.102 Furthermore, there was no difference in the optical 
absorbance properties between bare AuNPs and α-synuclein-coated AuNPs.102
Meanwhile, GO possesses hydrophobic domain and several functional groups, and 
adsorbs proteins via hydrophobic interactions, hydrogen bonding, and electrostatic 
interactions.103-104 In the present study, AuNPs coated with α-synuclein were 
therefore effectively adsorbed on GO flakes. Previous studies have reported on the 
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AuNP/GO nanocomposites fabricated by irradiating the laser on the mixture of 
HAuCl4 and GO or AuNPs and GO.
105-106 Those AuNP/GO nanocomposites 
showed improved photothermal capability compared to free HAuCl4 or AuNPs 
upon the 532 nm laser irradiation. However, the AuNPs were not tightly packed on 
GO sheets and the absorption spectra of the AuNP/GO nanocomposites were not 
broadly red-shifted to the NIR region. In our study, by using α-synuclein-coated 
AuNPs of two different sizes, we were able to form more tightly packed AuNP 
layer on both sides of GO flakes, which can enhance the photothermal effect via
strong plasmon coupling between AuNPs.  
We hypothesized that dressing up MSCs with a cloak of AuNP-clustered 
sheet would avoid the cytotoxicity and exocytosis issues associated with
intracellular nanoparticles, thereby enhancing the loading efficiency of
nanoparticles in the cells, increasing the amount of tumor-targeted nanoparticles, 
and improving the anti-cancer efficacy (Figure 4.1). Furthermore, the AuNPs
tightly arrayed in sheets would exhibit the enhanced photothermal effect by 
inducing plasmon coupling between the nanoparticles compared to AuNPs
scattered within cells (Figure 4.1). To test this hypothesis, we examined the 
plasmonic photothermal capability of the AuNP/GO sheets upon the NIR laser 
irradiation. Then, we investigated whether the AuNP/GO sheets were stably 
attached on the MSC surface under shear stress conditions. The mechanisms
involved in the adhesion of AuNP/GO sheets on the MSC membrane were also 
investigated. Next, we examined whether attaching AuNP/GO sheets on the MSC 
surface improved AuNP-loading efficiency in cells by attenuating cytotoxicity and 
removal of AuNPs from AuNP-MSC complexes compared to internalizing AuNPs 
into MSCs. Following intravenous injection of AuNP/GO sheet-attached MSCs 
(MSC-AuNP/GO sheet) or AuNP-internalized MSCs (MSC-AuNP) into tumor-
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bearing mice, we compared the tumor-targeting efficiency of AuNPs, the 
photothermal effect, and their cancer ablation efficacy.
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Figure 4.1. Schematic illustration of the improved photothermal therapeutic efficacy 
in cancer treatment by injection of tumor-tropic MSCs attaching AuNP/GO hybrid 
sheets. AuNP/GO sheets were prepared by adsorbing and tightly packing α-synuclein-
coated AuNPs on both sides of micro-sized GO flakes. AuNP/GO sheets were stably 
attached to MSC surface. Compared to AuNPs internalized in MSCs, AuNP/GO sheets 
attached on MSCs exhibited enhanced photothermal capability via strong plasmon coupling 
between AuNPs. Furthermore, AuNP/GO sheets attached on MSC surface showed higher 
efficiency of AuNP loading in MSCs, which was ascribed to lower cytotoxicity and 
exocytosis prevention of AuNP/GO sheets. The cancer treatment strategy using MSC-
AuNP/GO sheets enhanced the photothermal therapeutic efficacy by delivering larger 
amounts of AuNPs into tumor tissues and generating more heat upon NIR laser irradiation.
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4.2. Results and discussion
4.2.1. Fabrication and characterization of AuNP/GO hybrid sheets 
AuNPs coated with α-synuclein were prepared by incubating a mixture of 30 nm or 
20 nm colloidal AuNPs and free α-synuclein in 20 mM MES buffer (pH 6.5) at 4 
oC for 12 h.102,107 After removing the residual α-synuclein by ultracentrifugation, 
homogeneous colloidal solutions of 20 nm or 30 nm AuNPs coated with α-
synuclein were subjected to DLS analysis to verify their individual protein coats 
(Figure 4.2A). The hydrodynamic diameters of AuNPs increased from 30.2 to 47.1 
nm (AuNP30nm) and from 19.3 to 37.1 nm (AuNP20nm) after coating with α-
synuclein. About an 8.5 nm increase in the hydrodynamic radius for both cases 
indicated stable protein coating on the surfaces of AuNPs. The AuNP/GO sheets
were then fabricated via two sequential steps of adsorbing α-synuclein-coated 30 
nm and 20 nm AuNPs onto GO at pH 4.5. Before each step, sonication was done to 
produce a homogeneous complex. At the pH 4.5 condition, C-terminus and non-Aβ 
component (NAC) region of α-synuclein, which have a high plasticity and a pI 
value of 3.6, are negatively charged. Repulsive interaction between the negatively 
charged C-terminuses of α-synuclein is likely responsible for the formation of 
stable monolayer of α-synuclein-coated AuNPs on GO sheets. Scanning electron 
microscope (SEM) analysis of the resulting AuNP/GO sheet demonstrated that the 
AuNPs were tightly packed on the GO flake in a monolayer (Figure 4.2B). 
Transmission electron microscope (TEM) images of the AuNP/GO sheets revealed 
a trilayered structure with the tightly packed AuNP monolayers sandwiching the 
GO sheet on both sides (Figure 4.2C). Atomic force microscope (AFM) data 
showed that the AuNP/GO sheets had a thickness of ~ 60 nm, which is attributed to 
the two monolayers of α-synuclein-coated AuNP30nm (Figure 4.2D). Raman 
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spectrum of the AuNP/GO sheets showed clear D peak (~1350 cm-1) and G peak 
(~1600 cm-1), indicating that GO was successfully intercalated into the complex 
without any chemical damages or modifications (Figure 4.2E).
In contrast, AuNPs coated with other proteins, such as κ-casein, β-
lactoglobulin, bovine serum albumin (BSA), and elastin, did not form a monolayer 
structure but produced agglomerates of AuNPs on GO sheets at pH 4.5 (Figure 4.3).
This result is likely due to the low structural stability of other proteins on AuNPs. 
We confirmed that the fabrication of AuNP/GO sheet with a sandwich structure is 
achievable only through the adsorption property of α-synuclein.
AuNP/GO sheets consisting of heterogeneously sized (30 nm + 20 nm) 
AuNPs showed tighter packing of AuNPs compared to AuNP/GO sheets 
containing 30 nm AuNPs only (Figure 4.4A). The vacant sites between α-
synuclein-coated 30 nm AuNPs on GO flake were occupied by additional 
adsorption of α-synuclein-coated 20 nm AuNPs. The tight packing of AuNPs on 
GO caused a significant red-shift in the maximum absorbance wavelength from 
528 nm to 600 nm (Figure 4.4B) via strong plasmon coupling between AuNPs in 
AuNP/GO sheets (30 nm + 20 nm). Furthermore, the absorption spectra of 
AuNP/GO sheets fully expanded up to 900 nm, which made the in vivo
photothermal treatment more feasible. There was a 41 % increase of the absorbance 
at 808 nm, the wavelength of NIR laser used in this study, in the AuNP/GO sheet 
(30 nm + 20 nm) compared to the AuNP/GO sheet (30 nm only) (Figure 4.4B). The 
photothermal effect of AuNP/GO sheets was evaluated by measuring the 
temperature rise after NIR laser irradiation (808 nm, 1.0 W/cm2) for 5 min (Figure 
4.4C). The AuNP/GO sheets consisting of heterogeneously sized (30 nm + 20 nm) 
AuNPs showed the highest temperature increase of 23.2 ºC, which was 3.9 ºC 
higher than the AuNP/GO sheets containing 30 nm AuNPs only and 7.8 ºC higher 
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than the physical mixture of bare AuNPs and GO. In accordance with the data in 
Figure 4.4B, the strongly red-shifted absorption spectra of AuNP/GO sheets (30 
nm + 20 nm) group induced the highest heat generation upon the NIR laser 
irradiation. The bare and α-synuclein-coated AuNPs exhibited comparable 
temperature increases, which confirmed that coating AuNPs with α-synuclein 
caused negligible changes in the unique optical properties of AuNPs. Laser 
irradiation on micro-sized GO led to the slight temperature increase of 9.0 ºC. 
In addition, we compared the packing density and absorption spectra of the 
AuNP/GO sheets (30 nm + 20 nm) to AuNP/GO sheets (30 nm + 5 nm or 30 nm + 
10 nm). All of the AuNP/GO sheets exhibited the comparable packing density of 
AuNPs on GO surface (Figure 4.5A). However, the AuNP/GO sheets (30 nm + 20 
nm) showed more red-shifted spectra of absorption compared to the other groups 
(Figure 4.5B). This result may be attributed to the exponential increase in the 
plasmon coupling intensity by increasing the sizes of AuNPs.108 Thus, we selected 
the AuNP/GO sheets (30 nm + 20 nm) as an experimental group.
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Figure 4.2. Characterization of α-synuclein-coated AuNPs and AuNP/GO hybrid 
sheets. (A) Hydrodynamic size of 30 nm (left) and 20 nm (right) AuNPs before and after α-
synuclein encapsulation. αS-AuNP refers to AuNPs coated with α-synuclein. (B) SEM 
image of AuNP/GO hybrid sheet. (C) TEM images of the AuNP/GO sheet viewed from top 
and side.  The 30 nm and 20 nm AuNPs coated with α-synuclein were absorbed on both 
sides of GO flakes. (D) AFM image of the AuNP/GO sheet and the height profile along the 
line shown in the AFM image. (E) Raman spectra of GO and AuNP/GO sheet.
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Figure 4.3. SEM images of composites consisting of different protein-coated AuNPs 
and GO sheet. The AuNPs were coated with κ–casein, β–lactoglobulin, bovine serum 
albumin (BSA), elastin, or α-synuclein. Scale bars = 500 nm.
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Figure 4.4. Enhanced photothermal effect of AuNP/GO hybrid sheets. (A) SEM images 
of AuNP/GO sheets consisting of 30 nm AuNPs only (top) and 30 nm + 20 nm AuNPs 
(bottom). (B) Absorption spectra of the colloidal solutions of bare AuNPs (20 nm and 30 
nm) and AuNP/GO sheets (30 nm only and 30 nm + 20 nm). (C) Photothermal effects of 
GO, AuNP, α-synuclein-coated AuNP (αS-AuNP), AuNP + GO, AuNP/GO sheet (30 nm 
only), and AuNP/GO sheet (30 nm + 20 nm). Temperatures were monitored during 808 nm 
laser irradiation (n = 5).
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Figure 4.5. The effect of AuNP size on the optical property of AuNP/GO sheets. (A) 
SEM images and (B) absorption spectra of AuNP/GO sheets consisting of different sizes of 
AuNPs (30 nm + 5 nm, 30 nm + 10 nm, and 30 nm + 20 nm).
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4.2.2. Adhesion of AuNP/GO sheets on the MSC surface
After treating AuNPs or AuNP/GO sheets with MSC culture for 1 day, we 
investigated the distribution of each material using TEM analysis (Figure 4.6A). 
When the MSCs were incubated with bare AuNPs (MSC-AuNP), the nanoparticles 
were internalized and located within the intracellular vesicles. However, in MSCs 
treated with AuNP/GO sheets (MSC-AuNP/GO sheet), most of the AuNP/GO 
sheets were detected on the cell surface (Figure 4.6A). The data indicated that 
AuNP/GO sheets (lateral size = 1.24 ± 0.48 µm) were preferably attached on the 
MSC surface rather than being internalized. As previously reported, the cellular 
distribution of GO is determined by its lateral dimensions.57,62 Whereas nano-sized 
GO (20 – 500 nm) was internalized into cells,57 the micro-scaled GO flakes (1 – 6 
µm) were rarely incorporated into cells, but rather anchored on the cell surface.62
We then assessed the stability of adhesion of AuNP/GO sheets on the MSC surface 
using fluorescence staining and SEM analysis. Cells circulating through blood 
vessels are subjected to the hemodynamic shear stress at a range of 0.5 ~ 30.0 
dyn/cm2.109 We therefore exposed the MSC-AuNP/GO sheets to the highest shear 
force (30.0 dyn/cm2). PKH67 staining of MSC membrane and rhodamine staining 
of AuNP/GO sheets demonstrated that the AuNP/GO sheets were still attached on 
the cell surface under the fluid shear stress (Figure 4.6B). The SEM images also 
confirmed that AuNP/GO sheets attached on the MSC surface were stable at 
physiological shear stress (Figure 4.6C). 
The underlying mechanisms by which AuNP/GO sheets are attached on the 
MSC surface were investigated using western blot analysis. We examined the 
expression of integrin β1, the major adhesion-receptor, and fibronectin, the 
extracellular matrix (ECM) protein involved in cell adhesion.110 First, we observed 
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fibronectin adsorption on AuNP/GO sheets using western blot analysis after 
incubating AuNP/GO sheets in serum-containing medium for 1 day (Figure 4.6D). 
Then, MSCs with or without AuNP/GO sheets were cultured on agar-coated plates 
with serum-free medium or serum-containing medium for 1 day to inhibit MSC 
adhesion on the culture plate. AuNP/GO sheets increased both integrin β1 
expression and fibronectin presence in the MSCs only in serum-containing medium 
(Figure 4.6E). However, in serum-free medium, MSCs with AuNP/GO sheets did 
not show a significant increase in expression of integrin β1 and fibronectin (Figure 
4.6E). These results indicated that AuNP/GO sheets adsorbed fibronectin from the 
serum-containing culture medium and were sequentially bound to MSCs via
integrin β1. As the fibronectin – integrin β1 interactions affect the adhesion of 
AuNP/GO sheets on the MSC surface, trypsinization could detach the AuNP/GO 
sheets from MSCs. Therefore, in the following experiments, we detached MSCs, 
AuNP-internalized MSCs, and AuNP/GO sheet-attached MSCs from the culture 
plates by EDTA treatment. 
Next, we quantitatively evaluated the distributions of AuNP/GO sheets on 
MSCs. The total and intracellular amounts of AuNPs were determined after 
collecting the AuNP/GO sheet-treated MSCs via EDTA treatment and 
trypsinization, respectively. The amount of AuNPs on the cell surface was 
calculated by subtracting the intracellular AuNP content from the total amount. We 
found that the ratios of cell surface-bound and internalized AuNPs to total content 
were 69.8 ± 0.10 % and 30.2 ± 0.07 %, respectively (Figure 4.6F). Although a 
small portion of AuNP/GO sheets was internalized into cells, most of them adhered 
on the cell surface.
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Figure 4.6. Adhesion of AuNP/GO sheets on the MSC surface. (A) TEM images of 
AuNPs internalized within the MSC and AuNP/GO sheets attached on MSC surface. (B) 
Stability of AuNP/GO sheets attached on MSCs, as evaluated by exposing the cells to shear 
stress and immunostaining for α-synuclein (red) in the AuNP/GO sheets. The cell 
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membrane and nucleus of MSC were stained with PKH67 (green) and DAPI (blue), 
respectively. (C) Stability of AuNP/GO sheets attached on MSCs, as evaluated by SEM.
(D) Fibronectin adsorption on AuNP/GO sheets, as evaluated via western blot analysis (n = 
4). (E) Molecules involved in the adhesion of AuNP/GO sheets on the MSC surface, as 
evaluated via western blotting for fibronectin and integrin β1 (n = 4). * p < 0.05 versus
MSC-AuNP/GO sheets + Serum. (F) Extracellular and intracellular distributions of 
AuNP/GO sheets after interaction with MSCs. The total (= extracellular + intracellular) and 
intracellular amounts of AuNPs were determined using ICP-MS after collecting AuNP/GO 
sheet-treated MSCs via EDTA treatment and trypsinization, respectively (n = 4). * p < 0.05.
８９
4.2.3. Cytotoxicity of AuNP/GO sheets
We examined the cytotoxicity of AuNP/GO sheets by evaluating cell viability and
apoptotic gene expression after treating various concentrations of AuNP/GO sheets 
to MSC culture. For precise comparison, we defined the concentration of AuNPs or 
AuNP/GO sheets as AuNP weight per culture medium volume (w/v) in the 
following study. First, the cell viability was assessed using cell counting kit-8 
(CCK-8). AuNPs at 100 μg/mL exhibited significant cytotoxicity, whereas 
AuNP/GO sheets at the same concentration did not (Figure 4.7A). The patterns for
mRNA expression of caspase-3, a pro-apoptotic factor, were similar to results of 
the cell viability assay. AuNPs at 100 μg/mL increased caspase-3 expression, 
whereas AuNP/GO sheets at the same concentration did not (Figure 4.7B). In the 
live/dead staining, dead cells were readily detected in AuNPs at 100 μg/mL and 
higher concentrations and AuNP/GO sheets at 200 μg/mL (Figure 4.7C). In 
addition, we examined the cytotoxicity of AuNPs and AuNP/GO sheets at 50 
μg/mL after 1 and 3 days of incubation. The number of caspase-3-positive cells 
was not significantly increased in both AuNP and AuNP/GO sheet groups 
compared to the no treatment group (Figure 4.7D). Furthermore, we performed a 
lactate dehydrogenase (LDH) assay to evaluate the cell membrane integrity. This 
assay measures the level of LDH, a cytosolic enzyme, released from the damaged 
cells.111 MSCs treated with AuNPs or AuNP/GO sheets at 50 μg/mL for 1 and 3 
days released negligible amounts of LDH compared to lysis positive control 
(Figure 4.7E). These results indicated that AuNPs and AuNP/GO sheets at 50 
μg/mL caused no cytotoxicity and preserved the cell membrane integrity.
Although AuNP/GO sheets contained more materials (i.e., Au, α-synuclein, 
and GO) than bare AuNPs, we observed lower cytotoxicity in the AuNP/GO sheets. 
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This is likely due to the systemic difference between internalizing AuNPs within 
cells and attaching AuNP/GO sheets on cell surface. Previous studies have reported
that the negatively charged AuNPs and gold ions within the cells induce apoptotic 
cell death in a dose-dependent manner.87,99 When a large amount of negatively 
charged AuNPs, similar to the ones used in the present study, are internalized into
cells, the stressed mitochondria release calcium ions to restore their membrane 
potential, causing calcium ion-induced apoptosis (Figure 4.1).87 Furthermore, 
AuNPs internalized in the acidic lysosomes are ionized and released. These toxic 
ions (Au1+/3+) inactivate the mitochondrial enzymes, depolarize the mitochondrial 
membrane potential, increase the reactive oxygen species levels and consequently 
activate the apoptosis pathway (Figure 4.1).99 Since the maximum, non-cytotoxic,
concentration for both AuNPs and AuNP/GO sheet groups was 50 μg Au/mL, we 
used the Au concentration of 50 μg/mL as 1× in the following experiments.
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Figure 4.7. Cytotoxicity of AuNP/GO sheets. (A) Viability of MSCs cultured with 
various Au concentrations of AuNPs or AuNP/GO sheets for 1 day, as evaluated via the 
cell counting kit-8 assay (n = 4). * p < 0.05 versus no treatment group. (B) Apoptotic 
activity of MSCs after treatment with various Au concentrations of AuNPs or AuNP/GO 
sheets for 1 day, as evaluated via qRT-PCR for an apoptotic marker, caspase-3 (n = 4). * p 
< 0.05 versus no treatment group. (C) Fluorescence images of MSCs stained with a 
live/dead assay kit after AuNP or AuNP/GO sheet treatment at various Au concentrations
for 1 day. Green and red indicate viable and dead cells, respectively. (D) Cytotoxicity of 
AuNPs or AuNP/GO sheets at 50 µg/mL after 1 and 3 days of incubation, as evaluated via 
immunocytochemical staining against caspase-3 (red). The cell nuclei were stained with 
DAPI (blue). Scale bars = 100 µm. (E) Cytotoxicity of AuNPs or AuNP/GO sheets at 50 
µg/mL after 1 and 3 days of incubation, as evaluated via LDH assay (n = 4).
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4.2.4. AuNP-loading efficiency and photothermal capability
The loading amount of AuNPs onto cells was quantitatively evaluated using ICP-
MS after MSCs were treated with AuNPs or AuNP/GO sheets for 1 day. The 
MSCs treated with AuNP/GO sheet 1× showed a 3.4-fold higher AuNP-loading 
efficiency than the AuNP 1× group (Figure 4.8A). The AuNP amount in the 
AuNP/GO sheet 0.25× group was nearly identical to that of the AuNP 1× group 
(Figure 4.8A). These results indicate that attaching AuNP/GO sheets on the cell 
surface is a more efficient approach for AuNP loading than internalizing AuNPs 
into cells in tumor-tropic cell-mediated nanoparticle delivery. Furthermore, a 
considerable portion of endocytosed AuNPs escapes from the cells via exocytosis, 
which consequently lowers the intracellular AuNP content.55 To quantify the 
AuNPs removed from the AuNP-MSC complexes, we assessed the removal 
kinetics of AuNPs as described previously.55 At 72 h, the fraction of removed 
AuNPs in the AuNP group (27.3 %) was significantly higher than that in the 
AuNP/GO sheet group (11.7 %) (Figure 4.8B). 
Next, we examined the photothermal effect of MSCs treated with AuNPs 
or AuNP/GO sheets. The temperature rise was monitored after irradiating the 
samples with an NIR laser (808 nm, 1.0 W/cm2) for 5 min. MSCs treated with the 
same concentration (50 μg Au/mL, 1×) of AuNPs and AuNP/GO sheets showed 
temperature increases of 19.6 ºC and 35.4 ºC, respectively (Figure 4.8C). The 
higher temperature rise in the MSC-AuNP/GO sheet 1× group was attributed to the 
larger AuNP content in the cells and the extensive plasmon coupling between 
AuNPs in the AuNP-clustered sheets. Furthermore, the MSC-AuNP/GO sheet 
0.25× group exhibited a 5.5 ºC higher temperature increase than the MSC-AuNP 
1× group, although both groups contained the same amount of AuNPs. This result 
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was ascribed to the enhanced photothermal capability via plasmon coupling 
between AuNPs in the MSC-AuNP/GO sheet 0.25× group as compared to AuNPs 
scattered within MSCs in the MSC-AuNP 1× group. 
We examined the stability of AuNP/GO sheets in serum-containing 
medium and human plasma. After incubating AuNP/GO sheets in culture medium 
or plasma at 37 ºC, the amounts of detached AuNPs were quantified using ICP-MS 
over time. In both serum-containing medium and human plasma, approximately 
30 % of AuNPs were released from the GO sheets after 72 h of incubation (Figure 
4.9A). Interestingly, a large portion of the detached AuNPs was released during the 
initial 6 h of incubation, and afterward, the profiles of AuNP detachment reached a 
steady state (Figure 4.9A). This result is likely due to heterogeneity in the strength 
of interaction between α-synuclein-coated AuNPs and GO sheets. The AuNPs 
weakly bound on GO sheets were detached from GO during 1 day of the in vitro
incubation of MSCs with AuNP/GO sheets, and approximately 70 % of AuNPs 
remained attached to the GO sheets. Therefore, the AuNPs would be stably 
attached to the surface of GO sheets after MSC-AuNP/GO sheets were 
intravenously injected into tumor-bearing mice. In addition, we assessed the 
photothermal effect of AuNP/GO sheets upon laser irradiation following 
incubation for 24 h in serum-containing medium or distilled water (DW). 
AuNP/GO sheets incubated in serum-containing medium showed a slight 
temperature decrease of 1.8 ºC compared to AuNP/GO sheets in DW (Figure 4.9B), 
which is likely due to the small amount of AuNPs detached from GO sheets in 
biological fluids (Figure 4.9A).
９５
Figure 4.8. AuNP-loading efficiency and photothermal effect of MSC-AuNP/GO 
sheets. (A) AuNP amounts in MSCs treated with AuNPs (50 μg Au/mL, 1x) or AuNP/GO 
sheets (50 μg Au/mL, 1x and 12.5 μg Au/mL, 0.25x) for 1 day, as evaluated via ICP-MS (n 
= 4). * p < 0.05. (B) Time profiles of AuNP removal from the AuNP-MSC complexes. 
MSCs were treated with the same concentration of AuNPs or AuNP/GO sheets for 1 day 
and then washed with PBS to eliminate the unloaded particles. After replenishing with fresh 
media, the amount of AuNPs loaded in cells was determined with ICP-MS over time to 
evaluate the removed AuNPs (n = 4). * p < 0.05. (C) Temperature profiles of MSCs treated 
with AuNPs or AuNP/GO sheets during NIR laser irradiations (n = 5). * p < 0.05.
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Figure 4.9. Stability of AuNP/GO sheets in biological fluids (serum-containing 
medium and human plasma). AuNP/GO hybrid sheets were incubated in serum-
containing medium or human plasma at 37 ºC. (A) The amount of AuNPs released from the 
GO sheets was determined with ICP-MS over time (n = 4). (B) Photothermal effect of 
AuNP/GO sheets after incubation for 24 h in serum-containing medium or distilled water 
(DW). Temperatures were monitored during laser irradiation (808 nm, 1 W/cm2) (n = 4). * 
p < 0.05.
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4.2.5. In vitro tumor-tropism
We investigated whether attaching AuNP/GO sheets on the MSC surface affected 
the tumor-tropism of the MSCs. Tumor spheroids were formed using 4′-6-
diamidino-2-phenylindole (DAPI)-labeled human fibrosarcoma cell line (HT-1080 
cells) and cultured for 2 days. Next, human dermal fibroblasts, MSCs, MSC-
AuNPs, or MSC-AuNP/GO sheets, in which cells were labeled with DiI, were co-
cultured with the tumor spheroids on agar-coated plates. As dermal fibroblasts 
showed no response to the tumor environments, the cells clustered together and
stuck around the spheroids (Figure 4.10). However, the tumor-tropic MSCs 
extensively infiltrated into the tumor spheroids (Figure 4.10). The AuNP-
internalized MSCs and AuNP/GO sheet-attached MSCs also migrated into the 
spheroids and exhibited homogeneous intratumoral distribution (Figure 4.10). This 
result indicates that MSCs treated with AuNPs or AuNP/GO sheets still retain their 
tumor-tropic property.
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Figure 4.10. In vitro tumor-tropic property of AuNP/GO sheet-attached MSCs, as 
evaluated with fluorescence straining. DAPI (blue)-labeled tumor spheroids were 
cocultured with DiI (red)-labeled dermal fibroblasts, MSCs, AuNP-internalized MSCs, or 
AuNP/GO sheet-attached MSCs on agar-coated plates for 1 day. (Top) Three-
dimensionally reconstructed images of samples from confocal z-stack images taken at the 
indicated distance from the base. The height of samples ≈ 600 µm. (Bottom) Three-
dimensionally stacked images of whole samples.
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4.2.6. In vivo tumor-targeting efficiency of MSC-AuNP/GO sheets
A previous study demonstrated that intravenously injected MSCs are maximally 
accumulated in the tumor tissues at 3 days post-injection.98 Thus, the in vivo tumor-
targeting efficiency and biodistribution of AuNP/GO sheet-attached MSCs were
assessed at 3 days post-injection. First, tumor-targeting effect was evaluated using 
real-time live imaging. Tumors were generated by subcutaneously injecting HT-
1080 cells to the right flanks of athymic mice. After the tumors reached the desired 
volume, fluorescence-labeled MSCs were intravenously administered through the 
tail vein. At 3 days post-injection, no signals were detected in the phosphate 
buffered saline (PBS) injection group (Figure 4.11A). However, the MSC, MSC-
AuNP 1×, MSC-AuNP/GO sheet 0.25×, and MSC-AuNP/GO sheet 1× injection 
groups showed strong signals in the tumor regions (Figure 4.11A). We confirmed 
that the tumor-tropic property of MSC was preserved even after AuNP/GO sheets 
were attached on the MSC surface. 
The tumor-tropism of MSCs involves a paracrine signaling loop between 
tumor tissues and MSCs.42-44,46,112 Tumor tissues secrete various cytokines and 
growth factors to survive. The tumor-secreted factors, such as stromal cell-derived 
factor-1 (SDF-1),112 interleukin-8 (IL-8),43 CCL2,42 CCL5,44 and vascular 
endothelial growth factor (VEGF),46 stimulate the expression of the corresponding 
receptors on MSCs in a positive-feedback manner, which sensitizes the MSCs to 
chemoattractants. These chemotactic responses between tumor tissues and MSCs 
facilitate the tumor-tropism of MSCs. 
To quantitatively evaluate the biodistribution of MSC-AuNP/GO sheets in 
tumor-bearing mice, the amount of AuNPs localized in major organs (spleen, liver, 
kidney, lung, heart, and stomach), blood, and tumor tissues were determined at 3 
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days post-injection. All groups showed a similar biodistribution pattern in that a 
large amount of AuNPs were detected in the reticuloendothelial system (spleen and 
liver) (Figure 4.11B), which is in accordance with previous studies.113-114 In tumor 
tissues, the MSC-AuNP/GO sheet 1× group exhibited the highest AuNP 
accumulation of 41.1 µg Au/g tumor, which is 3.6 and 4.5-fold higher than the 
MSC-AuNP/GO sheet 0.25× group and MSC-AuNP 1× group, respectively (Figure 
4.11C). Although MSCs were treated with the same Au concentration (1×) for 
AuNPs and AuNP/GO sheets, AuNP/GO sheet-attached MSCs delivered much 
larger amounts of AuNPs into tumor tissues, which was ascribed to the higher 
AuNP-loading efficiency (Figure 4.8A) and less AuNP removal (Figure 4.8B) 
compared to AuNP-internalized MSCs.
Regarding the biodistribution of intravenously administered micro-sized 
AuNP/GO sheets, a previous study reported that intravenously injected, micro-
sized GOs exhibited slow clearance from the body and remained in liver, spleen, 
and kidney.115 Nevertheless, a low dose (100 µg/mouse) of GO caused no 
significant cytotoxicity with normal organ functions at 1 month.115 In our study, the 
amount of micro-sized GO intravenously administered into a mouse is only 7.6 µg 
in the MSC-AuNP/GO sheet 1× group. Therefore, the AuNP/GO sheets may stay 
in liver, spleen and kidney with no toxicity.
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Figure 4.11. In vivo tumor-targeting efficiency of MSC-AuNP/GO sheets. (A) In vivo 
distribution of MSCs, MSC-AuNPs 1×, MSC-AuNP/GO sheets 0.25×, and MSC-
AuNP/GO sheets 1× at 3 days after intravenous injection into tumor-bearing mice. Prior to 
injection, MSCs were fluorescence-labeled. The dotted circles indicate tumors. (B) 
Biodistributions of AuNPs in major organs and blood, and (C) AuNP content in the tumor 
tissues 3 days after intravenous injection of AuNP, AuNP/GO sheet, MSC-AuNP 1×, MSC-
AuNP/GO sheet 0.25×, and AuNP/GO sheet 1× into tumor-bearing mice, as evaluated via
ICP-MS (n = 4). * p < 0.05 versus any other group. # p < 0.05 versus AuNP and AuNP/GO 
sheet groups.
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4.2.7. In vivo photothermal effect
We examined the in vivo photothermal efficacy of the MSC-AuNP/GO sheet. 
MSCs were treated with AuNP/GO sheets for 1 day and collected following EDTA 
treatment. The samples were then intravenously injected into tumor-bearing mice. 
At 3 days post-injection, tumors were irradiated with the NIR laser (808 nm, 1.5 
W/cm2) for 5 min and the temperature increases were recorded using a real-time 
infrared thermal imaging system. The MSC-AuNP/GO sheet 1× group showed the 
highest temperature increase to 58.0 ºC (Figure 4.12), which is sufficient to cause 
irreversible cell damage and death.2 This result was likely due to the largest amount 
of AuNPs accumulated in tumor tissues and the improved plasmon coupling 
between AuNPs in AuNP/GO sheets of the MSC-AuNP/GO sheet 1× group. 
Compared to the MSC-AuNP 1× group, the MSC-AuNP/GO sheet 0.25× group 
exhibited a 5.4 ºC higher temperature increase (Figure 4.12). Although both groups 
delivered the comparable amount of AuNPs to tumor tissues, the red-shifted 
absorption spectrum of AuNP/GO sheets (Figure 4.4B) induced this difference in 
temperature increase. Meanwhile, laser irradiation in the AuNP/GO sheet, AuNP, 
MSC, and PBS groups caused moderate temperature increases of 9.5 – 11.9 ºC 
(Figure 4.12).
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Figure 4.12. In vivo photothermal efficiency, as evaluated via real-time infrared 
thermal images and temperature increases at the tumor sites during laser irradiation 
for 5 min (n = 4). Three days after intravenous injection of samples into tumor-bearing 
mice, the tumors were exposed to NIR laser irradiation for 5 min under anesthesia. * p < 
0.05 versus any other group, # p < 0.05 versus PBS and MSC groups, @ p < 0.05 versus 
PBS, MSC, and AuNP groups, and & p < 0.05 versus PBS, MSC, AuNP, and AuNP/GO 
sheet groups. 
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4.2.8. In vivo tumor ablation efficacy
We further examined the in vivo photothermal therapeutic efficacy of AuNP/GO 
sheet-attached MSCs. After randomly dividing the tumor-bearing mice into 8 
groups (PBS with or without laser irradiation, MSC, AuNP, AuNP/GO sheet, 
MSC-AuNP 1×, MSC-AuNP/GO sheet 0.25×, and MSC-AuNP/GO sheet 1× with 
laser irradiation), we intravenously injected the samples through the tail vein. 
Three days post-injection, the tumor regions were irradiated with the NIR laser 
(808 nm, 1.5 W/cm2) for 5 min except the PBS (L−) group. The anti-cancer effect 
was evaluated for the following 21 days. As shown in Figure 4.13A, only mice 
belonging to the MSC-AuNP/GO sheet 1× (L+) group showed a superficial scab in 
the tumor region and indiscernible tumor volume. In accordance with these images, 
the MSC-AuNP/GO sheet 1× (L+) group clearly showed the suppression of tumor 
growth over the 21-day evaluation period (Figure 4.13B). The tumor volume of the 
MSC-AuNP/GO sheet 0.25× (L+) group was less than a half of that of the PBS 
(L−) group at 21 days (Figure 4.13B). The other laser irradiated groups, except the 
MSC-AuNP/GO sheet 1× (L+) and 0.25× (L+) groups, exhibited no significant 
differences compared to the PBS (L−) group with regards to the tumor volume. For 
histological analysis, the sections of tumor tissues were stained with hematoxylin 
and eosin. The MSC-AuNP/GO sheet 1× (L+) group showed extensive coagulative 
necrosis including karyorrhectic nuclear fragments, whereas the other groups 
exhibited partial or no destruction of tumor cells (Figure 4.13C).
Clinical trials of photothermal therapy have been progressed in patients 
with lung, head and neck tumors.116 These studies employed gold nanoshells and 
optical fibers as photothermal agents and external light source, respectively. 
Although the penetration depth of NIR laser is limited, the optical fibers make the 
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photothermal therapy applicable to deep tumors. As MSC-AuNP/GO sheets exhibit 
remarkable photo- thermal capability and tumor-targeting effect, MSC-AuNP/GO 
sheets may provide an effective platform for clinical cancer therapy.
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Figure 4.13. In vivo tumor ablation efficacy. (A) Representative mouse images of the 
laser irradiation groups and PBS (L−) group on day 9 and 21 after laser irradiation. Square 
boxes indicate the tumor regions. L+ refers to laser irradiation and L− refers to no laser 
irradiation. (B) Volume profiles of each tumor tissue over 21 days after laser irradiation (n 
= 5). Tumor tissues were irradiated with the NIR laser on day 0. * p < 0.05 versus any other 
group. (C) Hematoxylin and eosin staining images of thin sections of the tumor tissues at 
day 1. Scale bars = 200 μm.
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Chapter 5.
Conclusions and future studies
１０８
This thesis presents the studies on applying tumor-tropic mesenchymal stem cells 
(MSCs) as a carrier for tumor-targeted delivery of gold nanoparticles (AuNPs) for 
effective photothermal cancer therapy.
Chapter 3 demonstrates that the tumor-targeting efficiency and 
photothermal effect of AuNP-mediated anti-cancer therapy can be greatly 
improved by employing PSAuNPs and MSCs. PSAuNPs loaded into MSCs cluster 
together likely in acidic endosomes. We show that PSAuNP-laden MSCs delivered
AuNPs at a high efficiency (5.6 % ID/g tumors) to targeted tumor tissues due to the 
tumor-tropic properties of MSCs and the prevention of the exocytosis of large
PSAuNP aggregates. The high tumor-targeting efficiency and the large PSAuNP 
aggregates led to a dramatically enhanced photothermal efficiency and increased 
anti-cancer therapeutic efficacy upon NIR laser irradiation on tumor-bearing mice.
Chapter 4 shows that AuNP/GO sheet-attached MSCs can effectively 
deliver a large amount of AuNPs into tumor tissues and induce high localized heat 
upon laser irradiation, resulting in improved photothermal therapeutic efficacy. 
AuNP/GO sheets were fabricated by coating two different sizes of AuNPs with α-
synuclein protein and subsequently adsorbing onto micro-sized GO flakes. 
AuNP/GO sheets exhibited enhanced photothermal capability upon NIR laser 
irradiation compared to bare AuNPs, which was likely due to strong plasmon 
coupling between the AuNPs tightly packed in AuNP/GO sheets. AuNP/GO sheets 
stably adhered onto the MSC surface via integrin β1. AuNP/GO sheets attached on 
MSC carriers showed higher AuNP-loading efficiency in cells, which was 
attributed to lower cytotoxicity and AuNP removal from the AuNP-MSC 
complexes compared to AuNPs internalized into MSCs. When intravenously 
injected into tumor-bearing mice, AuNP/GO sheet-attached MSCs dramatically
improve the tumor ablation efficacy by increasing the AuNP contents in tumor 
１０９
tissues and improving the photothermal effect. This study demonstrates that 
delivering photothermal agents by attaching on tumor-tropic cells in the form of 
clustered sheets can improve photothermal therapeutic effect, which can be 
extended to delivery of other anti-cancer agents to tumor tissues.
The results described in this thesis collectively demonstrate that the 
combination of tumor-tropic MSCs and functionalized AuNPs as tumor-targeting 
carriers and photothermal agents, respectively, can improve the photothermal 
therapeutic efficacy by increasing the tumor-targeting efficiency and photothermal 
capability of AuNPs. The MSC-mediated nanoparticle delivery system can be 
further modified to maximize the tumor-targeting efficiency of nanoparticles. The 
tumor-tropic property of MSCs could be further fortified by inserting tumor-
targeting moieties conjugated with hydrophobic chains into the plasma membrane 
or transfecting genes that encode tumor-targeting proteins. For the MSC-AuNP/GO 
sheet strategy, the α-synuclein protein could be recombined with tumor-targeting 
peptides such as RGD (Arg – Gly – Asp) and NGR (Asn – Gly – Arg). As hybrid 
sheets consisting of AuNPs coated with modified α-synuclein and GO flakes are 
likely to adhere to MSC surface, the tumor-targeting peptides would be exposed to 
tumor microenvironment, thus further increasing the tumor-targeting efficiency of 
nanoparticles. 
Photothermal therapy can be combined with immunotherapy to eradicate 
both primary and metastatic cancers in a synergistic manner. A previous study has 
demonstrated that the combination of photothermal therapy and anti-CTLA-4 
antibody therapy effectively eliminates primary tumor and prevents the progression
of metastasis.117 Photothermal ablation not only destructs primary tumor but also
releases tumor-associated antigens, which promotes maturation of dendritic cells
against targeted cancer cells.117 The followed CTLA-4 blockade via
１１０
immunotherapy leads to infiltration of effective T cells into distant metastatic 
cancers, which inhibits the growth of remaining cancer cells.117 Therefore, the
combination treatment of photothermal therapy using MSC-PSAuNP or MSC-
AuNP/GO sheet strategy and immunotherapy using anti-CTLA-4, anti-PD-1, or 
anti-PD-L1 antibody might successfully eliminate the primary tumor and treat the 
metastatic cancer via modulating the adaptive immune responses.
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１２７
요약(국문초록)
암은 주요한 건강 문제이며, 전 세계적으로 사망의 주된 원인으로
꼽힌다. 나노 기술이 주목할 만한 진보를 보임에 따라 나노입자 기반의
암 치료법이 광범위하게 연구되고 있다. 최근, 암 치료를 위한 새로운
전략으로 광열 요법이 등장했다. 여러 광열 요원들 중에서 금
나노입자는 근적외선 레이저를 조사를 조사하였을 때 높은 광 – 열 변환
효율을 나타내기 때문에 광열 암 치료를 위한 연구에 많은 주목을 받고
있다. 그러나 금 나노입자의 현저히 낮은 종양 표적화 효율을 개선하는
것에는 여전히 어려움이 있다. 이에 따라, 본 연구에서는 금 나노입자를
암 조직으로 전달하는 운반체로서 종양 주성을 가진 중간엽 줄기세포를
응용한 효과적인 광열 암 치료법을 제시한다. 
먼저, 제 3 장에서는 산성도 감응성 금 나노입자를 중간엽
줄기세포에 내재시켜 암 조직으로 전달하는 연구를 진행하였다. 종양
주성을 가진 중간엽 줄기세포는 세포 내 약산성 환경인 엔도좀에서
산성도 감응성 금 나노입자를 응집시키고, 스스로 암 조직으로 이동하며, 
광열 치료에 응용될 수 있다. 세포를 매개로 한 물질 전달 과정에서
세포 내에 얼마나 많은 물질을 담을 수 있는가가 매우 중요한데, 응집된
산성도 감응성 금 나노입자는 세포 외 유출 현상을 억제함으로써
산성도에 반응하지 않는 개별의 금 나노입자에 비해 높은 세포 내
함량을 보였다. 종양이 유도된 마우스에 산성도 감응성 금 나노입자를
함유한 중간엽 줄기세포를 정맥 주사하였더니, 산성도 비감응성 금
１２８
나노입자를 정맥 주사한 것에 비해 종양 표적 효율이 증가하였고,
레이저를 조사하였을 때 발열량이 증가하였으며, 이로써 매우 향상된
항암 효과를 확인할 수 있었다. 
제 4 장에서는 금 나노입자와 그래핀옥사이드로 구성된
하이브리드 시트를 중간엽 줄기세포의 표면에 부착하여 종양 조직으로
전달하는 연구를 하였다. 세포 내로 전달된 나노입자는 세포 독성을
일으키고 세포 외 유출을 통해 세포 밖으로 빠져 나가기 때문에
나노입자를 세포 내에 담지하여 전달하는 데에는 한계가 있다. 따라서
본 연구에서는 세포 표면에 안정적으로 부착하고 뛰어난 광열 효과를
보이는 금 나노입자/그래핀옥사이드 시트를 도입하였다. 두 개의 금
나노입자 단일층 사이에 그래핀옥사이드가 끼어있는 삼중층 구조의 금
나노입자/그래핀옥사이드 시트를 형성하기 위해, 금 나노입자를
알파시누클레인 단백질로 코팅한 후 그래핀옥사이드 시트에 흡착시켰다. 
종양 주성을 가진 중간엽 줄기세포에 금 나노입자/그래핀옥사이드
시트를 부착시키는 전략은 세포 독성과 세포 외 유출이라는 문제를
피함으로써 세포에 금 나노입자를 담지하는 효율을 향상시켰다.  또한, 
마이크로 크기의 그래핀옥사이드 시트 상에 금 나노입자를 조밀하게
흡착시킴으로써 금 나노입자 간의 강한 플라즈몬 결합 현상을 일으키게
하여 광열 효과를 증가시켰다. 종양이 유도된 마우스에 금
나노입자/그래핀옥사이드 시트를 부착한 중간엽 줄기세포를 정맥
주사하였더니, 종양 조직으로 전달되는 금 나노입자의 양이 증가하고
레이저 조사 시 높은 열이 발생하여 광열 암 치료의 효능이 크게
향상되었다.  
１２９
세포 기반의 트로이 목마 전략은 항암제를 암 조직으로
전달하는 효과적인 플랫폼이 될 수 있다. 뿐만 아니라, 물질과
세포 사이의 상호작용을 이용하여 치료 효과를 극대화 할 수 있다. 
이러한 물질 또는 세포 기반의 항암 요법은 성공적인 암 치료를 위해
사용될 수 있을 것이다. 
주요어: 광열 치료, 금 나노입자, 종양 주성, 종양 표적화, 중간엽
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